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The  methods  and  means  of  stabilization  of  an  image  during  optical 
observations  from  mobile  bases  by  acting  on  individual  elements  of  the 
optical  apparatus  are  analyzed  systematically  in  the  book*  Special 
attention  is  devoted  to  promising  automatic  systems »  in  vAiich 
stabilization  is  carried  out  according  to  information  of  image 
displacements*  Systems  of  indirect  image  stabilization,  based  on 
information  about  the  three-dimensional  displacements  of  movable  bases, 
are  also  considered* 

The  book  is  intended  for  engineering  and  technical  personnel  in 
instrument  building. 

Preface 

The  modern  requirements  imposed  on  optical  instruments  reduce  mainly  to 
a  combination  of  two  contradictory  characteristics:  high  angular 
resolution  and  minimal  mass  and  size  of  the  instrument.  These 
requirements  are  also  retained  for  apparatus,  operating  on  a  moving  or 
insufficiently  stable  base.  Various  types  of  supplementary  mechanical 
devices,  which  reduce  the  influence  of  the  motion  of  the  base  on  image 
quality,  are  most  frequently  used  to  retain  the  potential  capabilites  of 
optical  instruments  in  the  area  of  resolution.  The  most  widespread 
procedure  is  mounting  the  optical  instrument  on  a  gyro-stabilized 
platform.  One  must  frequently  do  away  with  using  a  gyro-stabilized 
platform  in  real  cases  with  all  the  theoretical  evidence  of  the 
correctness  of  selecting  this  variant  of  solving  the  stabilization 
problem.  The  latter  is  explained  by  the  fact  that  the  relations  between 
the  mass  of  the  instrument  to  be  stabilized  and  the  stabilizing  setting 
are  equal  to  1:3-1: 4  at  low  compensation  level.  Moreover,  there  is  a 


specific  dependence  of  the  mass  of  the  mount  on  the  accuracy  of  its 
operation.  The  mass  of  the  mount  increases  with  an  increase  of  accuracy 
and  the  ratio  presented  above  deteriorates.  Therefore,  the  basic 
direction  in  development  of  optical  instruments  of  this  class  will 
undoubtedly  be  related  to  stabilization  of  the  ima^e  with  respect  to  the 
image  detector  or  of  the  detector  with  respect  to  a  randomly  fluctuating 
image  (due  to  stabilization  of  displacement  of  individual  components  or 
assemblies  of  the  instrument,  the  mass  of  which  is  at  least  an  order  of 
magnitude  less  than  that  of  the  entire  instrument).  It  is  obvious  that 
a  somewhat  different  approach  both  toward  selection  of  the  optical 
layout  of  the  instrument  and  toward  selection  of  its  entire  schematic 
diagram  is  required  for  this. 

More  than  300  publications  on  different  circuit  solutions  and  on 
sp>ecific  devices,  related  to  photographic  and  movie  equipment,  to 
telescopes  mounted  both  on  the  earth  and  in  space,  to  aerospace 
observation  equipment,  to  helioequipment  and  also  to  visual  devices — 
binoculars,  telescopes,  sights,  surveyor’s  instruments — and  to  hologram- 
receiving  ixnits  are  now  known. 

Selection  of  one  or  another  layout  of  an  optical  device  with  image 
stabilization  is  largely  determined  by  the  principle  of  designing  the 
control  system,  which  should  respond  with  high  sensitivity  to  external 
perturbations  of  a  wide  frequency  range,  which  cause  displacement  of  the 
image.  Two  directions  are  possible  in  developnent  of  a  stabilization 
system.  The  first  direction  is  related  to  the  use  of  highly  sensitive 
mechanical  or  laser  gyroscopes,  which  record  nonprogrammed  displacements 
of  the  movable  base  in  space  and  emit  the  corresponding  signals  to  the 
follow-up  systems,  which  control  the  actuating  devices  in  the  optical 
circuit  of  the  instrument  and  which  compensate  for  dynamic  shifts  of  the 
image.  This  direction  is  related  to  indirect  image  stabilization,  since 
the  image  itself  is  not  monitored  and  information  about  it  is  not  fed  to 
the  control  system.  The  use  of  highly  sensitive  and  compact  laser 
gyroscopes,  which  have  not  yet  been  considered  in  problems  of  design  of 
image  stabilization  systems,  is  promising. 

The  second  direction  is  related  to  the  use  of  information  image 
displacement,  monitoring  systems  in  the  coordinate  axes  of  the  focal 
plane  and  to  development  of  closed  control  systems  directly  for  the 
image.  One-coordinate  systems  are  made  in  the  simplest  case,  but  it 
frequently  becomes  necessary  to  make  two-  and  three-coordinate  systems 
that  shape  the  given  quality  of  the  image.  Those  principles  of 
designing  information  systems,  the  drives  of  actuating  devices  and  of 
control  systems  as  a  whole,  which  would  have  the  highest  speed  and 
greatest  dynamic  accuracy,  would  be  simple  in  organization  and 
flexibility  in  functional  adjustment  upon  variation  of  the  operating 
mode  of  the  optical  equipment,  must  be  used  with  regard  to  the  high 
sensitivity  of  systems  to  external  effects  of  a  broad  spectrum,  which 
cause  dynamic  shifts  of  the  image.  The  second  direction  is  more 
promising,  although  it  is  related  to  solution  of  a  combination  of  new 
problems,  development  of  which  many  organizations  in  the  Soviet  Union 
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and  abroad  are  involved.  These  problems  determine  the  need  to  develop: 
1)  active  actuating  devices  for  the  equipment  which  would  function  most 
efficiently  in  automatic  control  systems ,  2)  highly  sensitive 
information  image  checking  systems  according  to  the  coordinates  of  the 
image  plane,  3)  precision  devices  that  would  guarantee  the  necessary 
linear  and  angular  displacements  of  the  actuating  devices,  and  4)  one-, 
two-,  and  three-coordinate  image  stabilization  systems  that  provide  a 
given  quality  to  it. 

It  should  be  emphasized  that  design  of  multicoordinate  control  systems 
for  apparatus  with  high  image  resolution  is  a  very  complicated 
scientific  engineering  problem.  This  problem  can  be  solved  with 
accurate  knowledge  of  the  influence  of  each  component  of  the  system  on 
the  measurement  error  and  by  processing  the  extent  of  displacement  for 
each  coordinate  axis  of  spatial  displacements  of  the  optical  equipment. 
The  answers  to  individual  problems  that  occur  upon  solution  of  the  above 
problems  are  contained  in  numerous  articles  and  patents.  The  first 
well-known  prominent  publications  in  the  field  of  image  stabilization 
should  be  considered  [5,  62]. 

General  data  are  presented  in  [5]  on  the  use  of  gyroscopes  in  optical 
instrument  building,  specifically,  on  the  use  of  gyi'o-stabilized 
platforms.  Systems  containing  these  devices  are  developed  in  |4],  in 
vdiich  random  vibrations  of  the  ship,  the  essence  of  modern  methods  of 
gyroscopic  stabilization  of  the  carrier  and  of  the  equipment  mounted  on 
it,  the  mathematical  fundamentals  of  solution  of  problems  of  coordinate 
conversion,  different  methods  of  stabilization  and  harxiware  for 
achieving  them  are  considered.  The  book  gives  a  rather  complete  idea  of 
the  methods  of  solving  the  theoretical  and  practical  problems  which  the 
developers  of  traditional  gyroscopic  stabilizers  encounter. 

The  design  principles  and  methods  of  design  of  image  stabilization 
systems,  in  vrfiich  the  active  devices  of  optical  instruments,  controlled 
by  information  signals  on  displacement  of  the  bases  and  on  misalignments 
of  the  image  directly  are  used,  were  not  reflected  in  the  above  papers. 
This  circumstance  determines  the  absence  of  papers  on  information  image 
misalignment  checking  systems,  and  on  precision  drives  of  the  actuating 
devices  of  image  motion  control  systems. 

Gyro  sensors  and  gyro  units,  designed  on  precision  gyroscopes,  have 
reached  the  limit  in  an  increase  of  sensitivity  and  a  reduction  of  mass 
and  size  in  their  specifications.  Image  stabilization  systems  will  be 
improved  further  toward  use  of  new  systems  for  measuring  the  spatial 
displacements  of  the  object,  including  laser  instruments. 

Stabilization  systems  are  described  in  the  book,  in  which  displacements 
of  individual  components  or  assemblies  of  optical  instruments  are  used, 
are  described  in  the  book.  The  use  of  gyro-stabilized  platforms,  which 
are  described  in  detail  in  the  above  monographs,  is  essentially  not 
considered  in  the  book. 
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The  book  has  six  chapters.  General  data  on  shaping  the  image  in  the 
focal  plane  of  optical  instruments  are  presented  in  Chapter  1.  A 
mathematical  description  of  the  processes  of  image  misalignment,  caused 
by  the  functional  modes  of  the  equipment  and  by  random  motions  of  the 
base,  is  given.  Methods  of  active  effects  on  the  image  to  stabilize  it 
are  considered.  Methods  and  means  of  image  stabilization  during  optical 
observations  with  a  moving  base  are  considered  in  Chapter  2  with  regard 
to  the  characteristics  of  different  optical  systems.  The  methods  and 
means  of  parametric  stabilization  of  the  image  in  control  systems  with 
feedback  according  to  coordinates  of  displacements  of  the  moving  base 
and  misalignment  of  the  image  is  presented.  The  design  principles  of 
functional  image  stabilization  devices  are  considered  and  specific 
solutions  of  realizing  these  devices  for  optical  equipment  are  given  in 
Chapter  3.  A  detailed  outline  of  the  principles  of  organizing 
information  systems  for  monitoring  spatial  displacement  of  moving  bases 
and  misalignment  of  the  image  is  given  in  Chapter  4,  according  to  the 
problems  of  image  stabilization,  formulated  in  Chapter  1,  Main 
attention  is  devoted  to  information  systems  for  checking  misalignment  of 
the  image  in  two  coordinates.  The  errors  of  the  information  systems  are 
analyzed  and  the  main  methods  of  error  compensation  are  considered. 

Precision  instruments  of  actuating  devices  in  image  motion  control 
systems  are  described  in  Chapter  5.  The  design  principles  of  drives  for 
formation  of  the  angular  and  linear  displacements  of  the  assemblies  of 
the  equipnent,  which  meet  the  requirements  of  high  dynamic  accuracy  and 
functional  characteristics  of  the  apparatus,  are  outlined. 

Chapter  6  is  devoted  to  automatic  image  stabilization  systems. 

Automatic  indirect  image  stabilization  systems  according  to  information 
about  spatial  displacements  of  moving  bases  and  automatic  stabilization 
systems  for  information  about  shifting  of  the  image  are  considered. 
Methods  of  optimization  of  local  and  correlated  stabilization  systems 
according  to  the  criteria  of  image  quality  are  outlined. 
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Chapter  1 .  General  Data  on  Misalignment  of  Image  and  Methods  of  Image 
Stabilization  During  Optical  Observations  With  Moving  Base 

1.1.  Main  Characteristics  of  Image 

Images  are  considered  in  iconics  in  the  unity  of  physical  and 
information  properties  and  the  developers  of  equipment  can  select 
different  mathematical  descriptions  of  images  with  regard  to  specific 
problems  [50]. 

Adequate  mathematical  mcxlels  eorresp)ond  to  the  physic:tal  level  of 
description  of  images  within  this  book  and  two  transformations  of 
information  are  taken  into  account:  shaping  of  images  and  recording  of 
images . 

Tliese  transformations  are  typical,  for  example,  for  aerial  photographic 
equipment  (AFA),  mounted  on  a  moving  base. 

The  optical  image  is  shaped  in  the  plane  of  the  photographic  film  by  the 
optical  system  of  the  AFA.  The  mathematical  model  of  the  shaped  image 
can  be  the  function  f(x,  y,  t)  of  two  rectangular  coordinates  x,  y  and 
of  time  t,  vAiere  the  value  of  f  is  the  intensity  of  the  optical  image  at 
a  given  point  of  plane  x,  y,  at  given  moment  of  time  t. 

Shaping  can  be  presented  as  a  sequence  of  two  steps  (Figure  1.1).  The 
hypothetical  ideal  optical  system  initially  shapes  an  ideal  image  f(x, 
y,  t),  being  an  accurate  projection  of  the  object  to  be  photographed 
onto  jjlane  x,  y,  and  image  f*(x,  y,  t)  is  then  distorted  by  a  linear 
spatial  filter,  which  takes  into  account  the  aberrations,  inaiccuracy  of 
focusing  of  the  optical  system,  diffraction  and  scattering  of  light  and 
other  physical  phenomena. 
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Figure  1.1.  Diagram  of  Shaping  of  Optical  Image 
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1.1 


The  optical  system  in  most  applications  is  considered  isoplanar 
{spatially  invariant)  and  distortions  are  described  by  a  convolution 
integral 


+  no 


fix,  ij,  0=  '/-■'I-  n)dKd\], 

—  CO 


(1.1) 


where  ho(x,  y)  is  a  scattering  function  of  a  point  of  the  optical  system 
(pulsed  characteristic  of  the  filter). 

We  note  that  the  optical  system  is  practically  inertialless.  This  is 
formally  expressed  in  the  fact  that  the  kernel  of  the  integral  transform 
ho  is  independent  of  time  t.  In  practice,  the  inertialless  nature  of 
the  optical  system  means  that  any  time  changes  of  the  object  (for 
example,  displacement  of  the  object  with  respect  to  the  AFA  or 
displacement  of  the  AFA  with  respect  to  a  fixed  object)  are  transmitted 
without  distortions  to  plane  x,  y.  This  property  is  used  in  design  of 
image  displacement  sensors,  considered  in  detail  in  Chapter  4. 

The  image  is  recorded  by  photographic  film.  The  final  result  of 
recording  (after  photochemical  processing  of  the  film)  is  a  fixed 
(time-invariable)  g  (x,  y) ,  where  g  is  the  intensity  of  the  photographic 
image  at  point  x,  y.  If  the  photographic  film  is  an  ideal  recorder, 
transformation  of  the  image  f(x,  y,  t)  to  an  ideal  image  g^{x,  y)  was 
described  as  time  integration 


T 


g*(x,'y)  =  j  f(x,  y,  t)dt, 

0 


(1.2) 


where  [0,  T]  is  an  interval  of  exposure  time. 

The  recording  of  a  real  image  g(x,  y)  is  accompanied  by  the  appearance 
of  spatial  distortions  and  noise,  caused  by  the  stochastic  discrete 
structure  of  the  photographic  emulsion,  by  the  quantum  nature  of  light, 
by  scattering  of  light  within  the  photographic  emulsion  and  by  other 
factors  [73]. 
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Figure  1.2,  Diagram  of  Shaping  Spatial  Images  and  Noise 
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Figure  1.3.  Diagram  of  Shaping  of  Image  in  AFA 
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The  enumerated  distortions  are  reduced  in  most  applications  to  linear 
spatially  invariant  filtration,  to  nonlinear  functional  transformation 
and  to  addition  of  noise  realization,  generated  by  some  hypothetical 
noise  generator  (Figure  1.2),  i.e., 


g{x,  y)Vn{x,  y). 


(1.3) 


Here  n(x,  y)  is  the  realization  of  noise,  g  (x,  y)  ---=  (p  Ig  {.v,  «/)),  vdiere 
g  (x,  y)  --  T  is  the  characteristic  of  nonlinearity  (the  characteristic 
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-loo 

curve  of  the  photographic  emulsion) ,  g  (x,  y)  ~  j  j  U  —  M) 

—  tc 

(x,  >i)tixrfii,  h^(x,  y)  is  a  scattering  function  of  the  point  of  the 

photographic  emulsion. 

Spatial  filtration  in  the  optical  system  and  on  the  photographic  film 
can  be  taken  into  account  by  a  single  linear  spatially  invariant  filter 
of  the  AFA  (Figure  1.3).  The  pulsed  characteristic  of  this  filter 
hAp^(x,  y)  is  expressed  by  convolution  of  functions  hD(x,  y)  and 

h^(x,  y),  i.e., 


/«A<fcA  </)=]]  *0  {x  -  K,  y-  11)  /(,„  (x,  t))  dx  ri)]. 

—  OQ 


(1.4) 


We  note  that  functions  f,  g,  ho»  h^,  and  can  be  replaced  by 

different  mathematical  equivalants.  The  most  widespread  equivalent  of 
the  function  of  two  coordinates  and  time  a(x,  y,  t)  in  practical 
applications  is  the  complex  spectrum  Ta(Nx,  Ny,  ft)  of  spatial 
frequencies  Nx,  Ny  along  axes  x,  y  and  time  frequencies  ft.  Both 
functions  are  linked  by  operators  of  direct  and  inverse  Fourier 
transforms  F,  F'*: 


Tail^x,  Ny,  ft)==F[a{x,  y,  01  = 
r=Jjjn(,Y,  y,  Oexpl— /2ji(/V.,a:  \  N yy-{-jtt)\dN^dN ydt\ 


-hco 


a{x,  y,  t) F-^  [T  {N Ny,  /,)].= 

=  jJ'J,T„(A’,.  Ny,  0)  X 

—  oo 

X  exp  [  —  /2n  (N^X  -|  Nyy  j--  /,/)]  dN^,  dNy  dt. 


(1.5) 


The  concept  of  the  Fourier  transform  is  generalized  by  the  concept  of 
expansion  of  function  a(x,  y,  t)  in  orthogonal  basis  [79].  The  wide 
distribution  of  the  apparatus  of  Fourier  transforms  is  related  to  the 
fact  that  the  trigonometric  functions  are  eigenfunctions  of  the  linear 
filtration  kernel.  In  other  words,  the  multiplication  operation  in  the 
area  of  space  and  time  frequencies  corresponds  to  the  convolution 
operation  in  the  space-time  region,  i.e.,  if 


— I  fO 


t7  {x,  y,  /)  =  j  j  j  ft  (x  ~  X,  y  -  r|,  t  —  T)C  (x,  i],  x)  dx  dr]  dx,  (1.6) 
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then 


TiN,,  N„,  f,)  =  T,(N,,  Ny,  f,)Ta{N,,  Ny,  f,). 


Transition  to  the  frequency  range,  without  changing  the  physical  and 
mathematical  meaning  of  calculations  of  the  AFA,  simplifies  the 
calculations  in  some  practical  cases  and  finds  application  in  this  book. 

Typical  distortion  of  moving  images,  vdiich  has  been  named  blurring,  is 
related  to  the  recording  process.  The  phenomenon  of  blurring  determines 
to  a  significant  degree  the  spatial  resolution  of  the  AFA,  and  this 
pajjer  is  essentially  devoted  to  methods  of  measuring  blurring,  and  also 
to  methods  of  preventing  bJurring  on  the  basis  of  compensating  the 
displacements  of  images  in  the  exjxisure  interval.  One  other  method  of 
controlling  blurring  is  also  knor^m — a  posteriori  processing  of  blurred 
photograf^ic  images  [79].  This  method  is  not  considered  in  this  book. 
The  gradually  complicated  mathematical  descriptions  of  blurring  are 
presented  below. 

Let  us  begin  with  the  simplest  case:  let  us  assiane  that  there  is  a 
bright  point,  displaced  along  axis  x  at  constant  rate  vx,  in  an  optical 
image  on  the  surface  of  the  jdiotographic  film  f(x,  y,  t).  This  point 
can  be  displaced  by  distance  X  =  VxT  in  the  exposure  range  [0,  T]. 
Accordingly,  bliirring  is  manifested  in  the  photographic  image  g(x,  y)  = 

7 

-  f  f  (x,  y,  1)  cll  as  transformation  of  the  image  of  a  point  to  an  image  of 

I) 

a  straight  line  with  length  X. 

Let  us  turn  attention  to  the  fact  that  the  extent  of  blurring  X  is 
proportional  to  the  rate  of  displacement  Vx  and  of  the  exposure  time  T. 
Two  directions  of  controlling  blurring  hence  follow:  reducing  the 
exposure  time  T  by  using  highly  sensitive  photographic  films  and 
reducing  the  speed  Vx  by  improving  the  design  of  the  AFA. 

Let  us  consider  the  more  complicated  case:  let  us  assume  that  the 
entire  image  f(x,  y,  t)  is  displaced  along  axis  x  during  interval  [0, 

T] ,  and  that  the  result  of  recording  is  a  blurred  image  g(x,  y).  This 

blurring  can  be  formally  described  as  a  convolution  of  the  image  g(x,  y) 

by  formula  (1.3)  with  pulsed  characteristic  h  (x)  of  the  hypothetical 

CM 

blurring  filter  [70] 

■I ... 

</)  =  1  g  (.V  -  X,  //)  /(„,  (k)  t/x 

(1.7) 

==  I  g(-''  —  X,  (x)c/x. 

d 
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where 


Vx'  at  0<.V<A': 

0  —  in  remaining  cases. 


The  blurring  filter  can  be  combined  by  formula  (1.7)  to  the  distorting 
filter  of  the  AFA  by  equation  (1.4) 


/iX<?A  y) 


=  I  /Ia<J’A 
6 


(■V 


X,  (/)  /icM 


(1.8) 


vdiere  (x,  y)  is  the  equivalent  scattering  function  of  the  point  of 

the  AFA  with  regard  to  smearing. 

Relation  (1.8)  is  convenient  for  comparison  of  the  spatial  distortions 
of  the  image  g(x,  y) .  If  the  diameter  (Figure  1.4,  a)  of  function 

^AFA^^’  y)  is  considerably  less  than  blurring  X  (Figure  1.4,  b),  the 

resolution  in  the  direction  of  blurring  is  determined  mainly  by  the 

blurring.  Resolution  is  independent  of  blurring  in  the  perpendicular 

direction  (along  axis  y)  and  is  determined  by  the  value  of  D.„.  (Figure 

AFA 

1.4,  c) . 


Figure  1.4.  Characteristics  of  Image  Blurring: 
a — equivalent  scattering  function  of  point  in  AFA; 
b — function  of  blurring  point  along  one  coordinate; 
c — spatial  function  of  blurring  of  point 
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Let  us  generalize  the  previous  case:  let  us  assume  that  the  image  is 
displaced  at  constant  rate  v  with  components  Vx,  Vy  along  axes  x  and  y; 
moreover , 


Yvi-}- 


0 


(1.9) 


Then  h 


eKB 


AFA 


is  determined  by  double  convolution  along  axes  x  and  y: 


\ 

(-V,  /y)  =  I  n  {x  —  X,  y)  (x)  dx-, 
d 

Y 

h  {x,  y)  —  [  /lAcfcA  (-V,  y  -  ll)  //cm  (t|)  rfl), 
d 


; 


(1.10) 


where 


0  -in  remainirig  cases. 


y  =  VyT. 


Expansion  of  the  rate  along  the  coordinate  axes  according  to  expression 
(1.9)  at  each  given  moment  of  time  t  is  also  possible  in  those  cases 
when  the  rate  is  not  constant,  i.e.,  v  =  v(t).  Specifically,  when 
moving  along  axis  x  at  constant  acceleration  axi  the  characteristic 
h  (x)  has  the  following  form  [66]: 

vM 

1  0  -in  remaining  cases.  (1.11) 


During  oscillatory  motion  vdien  the  period  of  motion  coincides  with  the 
exposure  time  T,  characteristic  h  (x)  is  written  in  the  form  [92] 


[  0  — xn  remaining  cases. 


(1.12) 


Relations  (1.7) -(1.12)  express  the  relationship  between  displacement  of 
the  image  to  be  recorded  with  respect  to  the  photographic  film  and  the 


* 
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parameters  of  blurring.  The  operations  of  multiplication  of  the 
integrated  spectrum  of  the  image  T{Nx,  Ny,  ft)  by  the  complex  frequency 
characteristic  of  blurring  filter  T  (Nx,  Ny)  correspond  to  relations 

(1.7)-(1.12)  in  the  frequency  region  by  formula  (1.6) 


Ny,  =  Ny,  Ny). 


Specifically,  blurring  caused  by  uniform  displacement  of  the  image  along 
axis  X  by  dist-ance  X  by  formula  (1.7)  is  described  by  the  following 
frequency  characteristic: 


T,AN.)-Fli,,,{x)  =  ^ 


sin  nxNx 
nxNx  • 


The  equivalent  frequency  characteristic  of  the  AFA  corresponds  to  the 
equivalent  scattering  of  the  point  of  the  AFA  with  regard  to  blurring  by 
formula  (1«8) 


Ta<va(A^x.  Ny)  ■^■TAn>A{Nx,  Ny)Tc«iNx,  Ny). 


In  addition  to  the  complex  frequency  response  curves,  their  normalized 
modules,  called  the  modulation  transfer  function  (FPM),  will  be  used  in 
the  later  sections  of  the  book  [81]. 

The  equivalent  modulation  transfer  function  of  the  AFA  is  determined 
with  regard  to  blurring  by  the  following  relation: 


Ny)^TA<^A{Nx.  Ng)T,,,(Nx,  Ny), 


where  T^^(Nx>  Ny)  is  the  modulation  transfer  function  of  the  AFA 
without  regard  to  blurring  and  T  .(Nx,  Ny)  is  the  normalized  modulus  of 

vM 

the  frequency  response  curve  of  the  blurring  filter. 

The  second  part  of  the  problem — establishment  of  the  correlation  between 
the  properties  of  displacements  and  structural  parameters  of  the  AFA — is 
considerexi  in  the  next  section.  These  displacements  are  generally 
different  for  different  points  of  plane  x,  y. 
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1.2.  Mathematical  Description  of  Image  Misalignment  During  Optical 
Observations  Frcm  Moving  Base 

General  mathematical  description  of  image  misalignment.  Let  us  consider 
photograjAiy  from  a  moving  base.  Let  fixed  coordinate  system  Oxyz  be 
related  to  the  space  of  the  observation  objects  (Figure  1.5). 

Coordinate  system  Oxoyozo  is  correlated  with  the  moving  beise  of  the 
optical  device.  Let  us  use  the  following  order  of  rotation  of  the 
moving  coordinate  syst^:  yaw  angle  ^  in  plane  Oxy,  pitch  angle  ^  in 
plane  Qyoz,  and  bank  angle  7  in  plane  Oxoyo-  If  the  angular  rotational 

velocities  are  denoted  by  and  7,  respectively,  the  projections  of 

the  angular  velocities  of  the  base  onto  the  axes  of  the  moving 
coordinate  system  can  be  written  in  the  form: 


(O^o  =  ^  cos  7  -  rj'  cos  0  sin  7; 

w»o  =  Y  O  ; 

cozo  =  »  sin  7  -I- 1  cos  0 cos  7. 


Angular  velocities  tfxo,  ^yo,  can  be  measured  by  gyTOSCopes  that  are 

oriented  along  the  axes  of  the  moving  coordinate  syston  and  that  are 
attached  to  the  base. 


Figure  1.5.  Coordinate  System  of  Moving  Base 
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Figure  1.6,  Coordinate  System  of  Subject 
Field  and  of  Image  Field  of  AFA 

The  orientation  of  the  optical  device  on  board  is  determined  by  the 
method  of  photography  and  can  be  given  by  two  angles  of  perspective: 
laterally  ff  and  downard  (Figure  1.6). 

Coordinate  system  bound  to  the  optical  device,  is  rotated 

with  respect  to  the  base  by  these  angles.  Let  us  select  this 
coordinate  system  such  that  axis  0"xjj  coincides  with  the  principal 

optical  axis  of  the  device  and  so  that  axes  O'yjj  and  0"zj|  be  oriented 

along  and  perpendicular  to  the  frame.  The  vector  of  the  linear  velocity 
of  the  center  of  gravity  of  the  base  can  be  represented  in  the  form  of 
its  projection  onto  the  axes  of  the  base  VxO>  Vzo  (see  Figure  1.5). 

Let  us  consider  the  equations  of  motion  of  the  system  at  initial  moment 
of  time  when  the  axes  of  the  base  coincide  with  the  axes  of  the  fixed 
coordinate  system,  i.e.,  ^=tf=7  =  0.  Let  us  place  two  additional 
coordinate  systems,  parallel  to  those  transferred  from  point  0  to  image 
field  OjXiyiZj  (Figure  1.6)  and  to  the  object  field  Oi^Xfii/nZu. 

then,  with  regard  to  the  distance  between  the  origins  of  the  coordinate 
systems,  write  the  coupling  equations  of  the  coordinates  in  two  systems: 
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(1.14) 


Xn  =  H  1-  Zn  ctg  cp; 

«/n  = - j~^uyh 

Zm  == - j~Xr\Zi, 


where  H  =  0'0„:  /  =  O'O,. 

Having  differentiated  in  time  the  last  two  equations  and  having  made  the 
transformations  with  respect  to  variables  yi  and  zi ,  we  find; 


(1.15) 


Making  the  transformation  in  equations  (1.15),  one  can  find: 


y\\ 


2ll  = 


H 


'II  “  1  ’ 

_ _ Hyi  ■ 

I  +^?iCtgfp^ 

Hzi 


(1.16) 


f  (l  +-y2ictgq') 


Having  substituted  relations  (1.16)  into  equation  (1.15),  we  find: 


di  =  -  (l  f-j-?iCtgcp)  [-jfhi  +-^*/i^ii): 
Zi  —  -|  j- Z'l  ctg  ip^  (^~Tr  ^  H  )  ■ 


(1.17) 


Projections  of  the  angular  and  linear  velocities  of  the  base  onto  the 
axes  of  the  device  0'.v,|i/|,Z||  found  from  the  equations: 


T  T . 


(1.18) 
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where  T  is  the  sign  of  transposition  of  the  matrix,  M  is  the  matrix  of 
the  direction  cosines;  it  is  determined  in  the  form 


cos  cp  cos  a  cos  tp  sill  a  —  siiui 
M  =  —  sin  a  cos  a  0 

_siii  (p  cos  a  sin  (p  sin  u  cos  fp 


The  motion  of  the  base  with  respect  to  the  object  field  is  equivalent  to 
the  oncoming  displacement  of  the  object  field;  therefore,  one  can  write: 


^ri  —  —  Vx]i  —  “I  ■ 

y\l  =  VyU  — 

^11  ■-=  “  “■  Uu^'^xn  ~r  '^nw^rv 


(1.19) 


Having  substituted  relations  (1.16)  into  equations  (1.19),  we  find: 


H  I  iji 


1  +-^ctg(r 


j  j  }  » 


I  '|--y  ctgq^ 


r - [ —  (Ojfj  1  , 

l.|..^ctg(r^  ^ 

^  /  V/  ^ 

I - (w„ii  . 


(1.20) 


After  substitution  of  relations  (1.20)  into  equations  (1.17),  one  can 
write 


iji  —  Ai,iji  r  -|-  AoyiZi  -f-  A\Zi  -|-  /Iq; 

Zi  =  -j-  BiZi  i-  B^yai  I-  Bxyi  -f  Bq, 


(1.21) 


wtiere 


Ai  =  Wjcii  I'  ctg  (('; 


^0  ==  /^  7? - 
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Bi  =  ctg  (f. 


By  =  f  ^(i)y[|  |-  j  _ 


Having  denoted  the  flight  altitude  by  Ho,  we  find 


H  ~  Hy/sin  (p. 


(1.22) 


Having  substituted  relation  (1.22)  into  expressions  (1.21),  we  find  the 
following  values  of  the  coefficients  of  the  equations: 


-^0  =  /  ( sill  (p .  (Oj,,  ); 

=  “^11  I-  -j^coscp; 
-j-  cos  cp  —  (Oj/pj  ; 
A,=  !^s,nr,  A,=  ^; 


^o  =  /(-^sin(p 


Bi  ~  ^2 


f  ’ 


^3  ==4-(C:.nSin(p  -1-  i',„cosfp); 

n  0 


=T  (%r 


(1.23) 


Thus,  the  rate  of  shift  of  the  image  is  determined  by  equations  (1.21) 
and  is  dependent  on  the  position  of  the  element  of  the  image  to  be 
considered  with  respect  to  the  center  of  the  frame  and  also  on  the 
angular  and  linear  rates  of  displacement  of  the  base,  on  which  the 
device  is  mounted. 

Besides  the  indicated  factors,  the  shift  of  the  image  is  also  determined 
by  the  mutual  displacements  of  the  optical  components  of  the  device 
(objective,  mirrors  and  so  on)  and  these  displacements  can  be  both  those 


17 


to  be  checked  and  random  in  nature,  A  series  of  these  displacements  can 
be  used  to  stabilize  the  image. 


Analysis  of  equations  of  image  misalignment for  case  of  frame  and  slot 
aerial  photography.  The  type  of  matrix  of  direction  cosines  M  is 
determined  in  equations  {1,18)  by  the  orientation  of  the  optical  device 
with  respect  to  the  moving  base.  All  the  components  of  the  optical 
system  of  the  AFA  are  fixed  with  respect  to  each  other  during  frame 
aerial  jdiotography ,  while  the  principial  optical  axis  of  the  AFA  is  fixed 
with  respect  to  the  base  and  is  rotated  by  perspective  aiigles  0  <  <r  < 

<  90  and  0  <  f?  <  90“  with  respect  to  the  base. 


The  equations  for  the  rates  of  misalignment  of  the  image  can  generally 
be  found  by  substitution  of  equations  (1.18)  into  equations  (1.21).  Let 
us  consider  a  number  of  widely  used  versions  of  orientation  of  the  AFA. 
Let  us  assume  that  photography  is  from  a  base,  moving  horizontally  to 
velocity  Vyo ,  i.e.,  let  us  assume  that  Vxo  =  Vzo  =  0. 


Vertical  frame  photography  (frame  along  axis  Oyi ) . 
perspective  angles  correspond  to  equalities  =  0, 
matrix  of  direction  cosines  frcan  equations  (1.18), 


In  this  case,  the 
f?  =  90* .  For  the 
we  find: 


M  = 


0  0 
0  1 
1  0 


(1.24) 


Let  us  find  the  projections  of  the  angular  and  linear  velocities  of  the 
base  onto  the  axes  of  the  optical  device  and  let  us  substitute  them  into 
shift  equations  (1.21).  We  find  the  following  functions: 


J/i  —  Hi  H  //j 

-l-Ko 


(1.25) 


For  vertical  frame  photography  with  the  frame  arranged  along  axis  Ozi 
(ff  -  90*,  f  -  90*),  by  analogy,  one  can  write: 


Zi 


Ui  =  H - ^  ~ 

=  a?  ^  +  C0.O  -  Ko  +  /  ^ . 


(1.26) 


Perspective  frame  photograj^y  laterally  (ir  =  0,  0  <  f  <  90*).  For  the 
matrix  of  direction  cosines,  instead  of  equations  (1.18),  we  find: 
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(1.27) 


M  = 


cos(p  0  — sliicp' 

0  1  0 

sincp  0  costp 


The  equations  of  the  image  misalignment  can  be  written  in  the 


Vi 


ifi  =  —  (C0;^o  sin  <p  I-  cojo  cos  (p)  —  yiZt  ~  + 


/ 


-  [-  2/  (to AO  COS  «P  —  COzo  Sin  Cp)  f  cos  (p  4- 


I  /  sin  (p  ~  /  sin  (p  I-  tOzo  cos  (p); 

r,2  ,  i/iZi  /  .  , 

= - J-  +  -y  {(O^o  Sin  (p  +  CO20  cos  (p) 


—  Hi  (Wxo  cosfp  —  cozo  sin  (p)  4-  /© 


VO- 


Perspective  frame  pJiotography  forward  ( (T  =  90* ,  0  <  j?  <  90* ) . 
for  the  matrix  of  direction  cosines: 


M  = 


0  cos(p  — sintp 
-10  0 
L  0  sin  <p  cos  <p 


The  misalignment  equations  are  written  in  the  form: 


y  i  =  —  (“1/0  sin  tp  4-  tOzo  “Stp)  + 

+  ^  Sin  2.p  -1-  ^  (x, ‘P  + 

+  2i  (tOyo  COS  cp  —  tOzo  Sin  cp)  —  (/tOyo  sin  tp  +  f“zo  cos  tp), 


Zi  —  cos’*  tp  +  cojo)  4-  2,  sin  2fp  -i- 

sintp  -1- (Oio costp)  1-  i/,  ((0zo sintp  —  co^oCOStp)  f 

4-/'  ^^-—sln^tp  —  (Ojto). 


form: 


(1.28) 


We  find 


(1.29) 


(1.30) 


(1.31) 
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Characteristic  featiires  of  image  shift  equations  during  slit 
photography.  The  above  expressions  for  vertical  photography  are  also 
valid  for  slit  jhotography.  The  film  is  exposed  throxjgh  a  narrow  slit, 
located  along  axis  Ozi ,  near  the  focal  plane  of  the  objective.  If  the 
width  of  the  slit  is  small  compared  to  the  width  of  the  frame,  one  can 
assume  that  yi  =  0  in  the  expressions  found  for  vertical  photography. 

We  then  find  for  vertical  photography  (<r  =  0,  ju  =  90*  ) : 


t/i  =  —  2i®z 


Wo 


—  /‘’’.vo: 


Zi  ■-=  ■  ■  z'i 


“J/o 


/(.) 


yo- 


(1.32) 


In  the  case  of  different  orientation  of  the  AFA  ( (r  =  90"  ,  p  =  90”  ) ,  we 
have : 


«/(  =  — 


yoy 


A  _  2,?  . 

Zi  —  I 


f 


f 

no 


(1.33) 


Other  types  of  orientation  during  slit  photography  are  rarely  used  in 
practice. 


Analysis  of  equations  of  image  shift  for  panoramic  aerial  photography. 
Let  us  consider  the  general  case  of  vertical  panoramic  aerial 
photography.  Let  the  panning  be  carried  out  by  rotating  the  principal 
axis  of  the  optical  device  about  axis  Ozjjjj  {Figure  1.7),  rotated  by 

angle  ^  with  respect  to  the  axes  of  the  device  about  axis  OYjj*  us 

denote  the  panning  angle  by  flf.  Transition  from  the  coordinate  system  of 
the  base  to  a  coordinate  system,  bound  to  the  instrument,  Oxjjyj|Zjj  is 

achieved  by  sequential  rotations  by  angles  (t,  j!7  +  ^,  a,  and  (-&)  * 

Thus,  we  find  for  the  matrix  of  direction  cosines: 


cosp 

0 

sin  P" 

COS  a 

sin  a 

0' 

M  = 

0 

1 

0 

—  sin  a 

cos  a 

0 

—  sin  p 

0 

cos  p_ 

0 

0 

1. 

“cos  ((|)  -f  P)  0  —  sin  ((p  1  P)“ 

cos  0  sin  a  0 1 

X 

0  1  0 

—  sin  a  cos  ^7  0 

sin  ((p  +  p)  0  cos  (cp  -|-  p) 

( 

o 

o 
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We  generally  find  for  matrix  M: 


^11 

'"12 

niii 

M  = 

"hi 

"hi 

//Z23 

J'hi 

"hi 

where 


trill  ~  cos  a  cos  P  cos  o  cos  (fp  +  P)  —  cos  p  sin  a  sin  a  -(- 
-f  sin  p  cos  a  sin  ((p  +  P);  /njj  =  cos  a  cos  P  sin  o  cos  (tp  -|-  P)  -j- 
+  sin  a  cos  P  cos  tr  -|-  sin  p  sin  o  sin  (cp  +  P);  nii^  sin  p  cos  x 
X  ('P  1-  P)_—  cos  a  cos  P  sin  (fp  4-  P);  mji  =  —sin  a  cos  a  cos  (cp  -]- 
-f  P)  —  sin  a  cos  a;  Woj  —  — sin  a  sin  a  cos  (tp  -)-  P)  4-  cos  a  cos  0; 
0!2n  —  sin  a  sin  (cp  -f  p);  ---  — sin  p  cos  a  cos  o  cos  (<p  4-  p)  4- 

{-  sin  a  sin  p  sin  a  f-  cos  p  cos  0  sin  ((p  -f  P);  /n.j2  —  sin  p  x 

X  cos  a  sin  o  cos  ((p  |-  p)  —  sin  a  sin  p  cos  0  4-  cos  p  sin  0sin  (cp  -f-  p); 
nigj  ----  sin  p  cos  a  sin  ((p  -|-  P)  -f  cos  p  cos  (cp  -f  P). 


In  the  special  clause,  vdien  the  panning  axis  coincides  with  axis  Ozjj 
{/?  =  0),  we  find 


M 


cos  a  cos  0  cos  (p  — 

—  sin  a  sin  0 

—  sin  a  cos  0  cos  (p  — • 

—  sin  0cosa 

cos  0  sirup 


cos  a  sin  0  cos  (p  4- 
4-  sin  a  cos  0 


■  cos  a  sin  4 


-sin  a  sin  0cosfp -f  sin  a  sirup 
4-  cos  a  cos  o 


sin  0  sin  rp 


cosrp 


(1.36) 


The  film  is  exposed  during  panoramic  photography  through  a  slit,  while 
the  film  itself  can  be  displaced  with  respect  to  the  axes  of  the  device. 

Moreover,  the  angular  rate  of  panning  ot,  the  vector  of  which  is  directed 
along  axis  Ozj|,  will  be  projected  onto  the  axes  of  the  device  Oxj^yjjZjj; 

therefore,  instead  of  equations  (1.18),  we  find 


W.01  =  oCrii  i  a  sin  p: 

*  , 

(o^n  =  co^n  "h  ct  COS  (i. 


(1.37) 
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Figure  1.7.  CkDordinate  System  of  Panoramic  Aerial  Camera 

Moreover,  for  panoramic  photography,  instead  of  expression  (1.22),  it  is 
eeisy  to  find  the  relation 

H  =  I  -t-  tg*acos*p/sin  cp. 


or  at  ^  =  0 


H  =  HJ{sU\  (p  cos  a). 


(1.38) 


Having  substituted  this  expression  into  equations  (1.21),  we  find  the 
following  values  of  the  coefficients  instead  of  (1.23): 


Ag  =  f-^  sliKpcosa  —  /(Ojh: 
n  0 

=  «*ii  +^cos(fCOSa; 


Ai  =  /-^coscpcosa - 

/I3  =-^siiifpcosa;  /I4  =-- -y-. 


(1.39) 
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V  J| 

Bo  =  1-  f  -jf^  Sin  (p  cos  a; 

Bi  =  —  o)jcii;  B2  = 

y  [,  y  [, 

03  =  -rr-^sincpcosa  -|-  -^coscpcosa; 

^4  =  iw  ^ - ^  • 

P^o  I 


Let  us  consider  the  different  versions  of  orientation  of  the  device  with 
respect  to  the  base. 

Vertical  panoramic  photography  ( =  90"  ,  =  90"  ) .  For  matrix  M,  we 

have 


—  sill  a  cos  p 


M  = 


—  cos  a 


sill  a  sin  p 


2  sin  2p  (1  —  cosa)  — (sin^  P  f- cosacos^  P) 
sin  a  sin  p  sin  a  cos  p 

cos'P-hcosasiii^p  _^sln2p(l  -  cos a) 


(1.40) 


At  S  =  0,  instead  of  matrix  (1.40),  we  find 


M  = 


—  sin  a 

—  cos  a 
0 


0 

0 

1 


—  cos  a 
sin  a 
0 


(1.41) 


Let  us  assume  as  before  that  VxO  =  v^o  =  0. 

Taking  into  guscount  that  one  can  assume  that  yi  »  0  during  panoramic 
photography  (the  same  as  during  slit  piiotograpJiy,  we  find  for  the  image 
misalignment  equations: 


y,-  Zi  ((03,0  sin  a  +  (Ojo  cos  a)  —  /  -\-  a); 

cos  a  —  (OjQ  sin  a)  -f- 

+  Vy,>  cos  a  -  cos  a  /oj,^  sin  a. 
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In  the  special  case  (at  ^  -  0) ,  the  image  misalignment  equations  will 
assume  the  following  form: 


yi  =  2;  {(Oyo  COS  a  —  sin  a)  — 

f  /^yo 

—  I  { -TT'  sin  a  cos  a  I-  co^o  r  ®); 

^  ®  .  (1.47) 

o  I 

ZJ 

Zj  =  —  ((,)^„  cos  a  I-  (Oj^o  sin  a)  -|- 
+  2i-]f  cos’*  a  —  /  (w.xo  cos  a  |-  (0,,o  sin  a). 


Panoi'amic  perspective  jAiotography  with  leveled  verticals  ( (r  =  90* ,  p  + 

+  4  =  90’).  For  matrix  M,  we  find  in  this  case 

■—sin  a  cos  |)  sinp  —  cos  a  cos  p 
M=  —cos a  0  sill  a  (1.48) 

Sin  a  sin  p  cos  p  cos  a  sin  p 

In  the  special  case,  ^  =  0 

—  sines  0  — cosex" 

M=  — cos  a  0  sin  a  ,  (1.49) 

.0  1  o  ' 

Vertical  pamoramic  photography  along  flight  line  (<r  =  0,  p  =  90’ ) .  For 
matrix  M,  we  find 


-^sin  2p  (1  —  cos  a) 
M=  (sin  a  sin  p  —  cos  a) 
(sin*  p  cos  a  |  cos*  a) 


In  the  special  case  at  ^  =  0 

0  sin  a  — cos  a' 

—  cos  a  cosa  sina  .  (1.51) 

cos*  a  0  0 

We  find  for  the  misalignment  equations: 
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(1.52) 


ili  =  Z;  (cOj,o  Sin  a  —  (Ojq  cos  a)  f  -jj-  cos’'  a—fio^o  cos'*  a  —  fd: 
2] 

Zi  —  _  COS  a  —  cos  a  --  (o^o  sin  a)  } 

4-  sin  2a  --  /*  (co^o  cos  a  —  (o^o  cos  a  —  sin  a). 


Table  1.1 


(1) 

Bha  ci^eMKn 

a 

yi 

(2) 

KaApoBafl 

ri.TaHOBan 

0 

90° 

f^yol 0 

0 

90° 

90° 

0 

IVyoll-fo 

(3) 

KaApoBciJi 

nepciieKTHBiiaH 

b6ok 

0 

o<  <p< 
<90° 

,_(^s.nq>  + 
4--^cos(fi^ 

0 

(4) 

KaApoBan 

nepcneKTHBHaJi 

BiiepeA 

90° 

0<q>< 

<90° 

t'yo 

yi  -rr 

*  f  0 

X  (p  +  cos  cp  ^ 

+  sill  9^ 

IlanopaMHaH 
riAanoBan^^  j 

90° 

90° 

0 

r 

f  -^cosa 

OaiiopaMHan 
nepcneKTHBuafl 
BnepeA  (6) 

_ / 

90° 

0  <  <p  < 

<90° 

f  ^yo 

X  cos  fp  ^sii)  9  + 

-|--^COS<p^ 

/  cos°..px 

X  cos^  a  +  cos  9  X 

X  cos  a  (sin  a  + 

+  cos  a  sin  9)  + 

+  sin  2a  sin  9 

\  '  4 

IlanopaMHaH 

C  BblpOBHeHHOli 
AHHueii  ropii- 
aonia 

90° 

0 

[ 

2  H. 

^’1/0 

Zi  cos“  a 

/to 

IlanopaMHaH 
BAO;ib  AIIHHH 
iTOAeia 

0 

90° 

/  cos^  a 

Zi  ^yo  . 

2  //„ 

KEY: 

1.  Type  of  photography 

2.  Vertical  frame 

3.  Lateral  x)erspective  frame 

4.  Forward  perspective  frame 

5 .  Vertical  panoramic 


6.  Forward  perspective  panoramic 

7.  Panoramic  with  leveled 
horizontal  line 

8.  Panoramic  along  flight  line 


26 


The  formulas  for  determination  of  the  image  misalignment,  caused  by  the 
flight  speed  of  the  base,  are  presented  in  Table  1.1  for  different  tyjjes 
of  photography. 

1.3.  Methods  of  Active  Response  to  Image  Misalignment  for  Stabilization 
of  It  During  Optical  Observations 

Let  us  arbitrarily  present  an  optical  system  in  the  form  of  separate 
components,  located  at  specific  distance  di  with  respect  to  each  other 
along  optical  axis  Ox.  By  considering  the  path  of  a  paraxial  beam  in 
the  system,  one  can  state  that  the  parameters  of  the  beam  At  undergo 
variations  only  upon  passage  through  the  principal  planes  of  the  optical 
components  (Figure  1.8).  The  nature  of  variation  of  the  beam  jjarameters 
upon  passage  of  the  beam  through  each  optical  element  can  be  described 
by  optical  arrays  [28].  The  beam  parameters  Aj  before  passage  through 
the  i-th  element  and  the  beam  parameters  Aj+i  after  passage  are  linked 
by  the  equation: 


A(^i  —  jU,'A^.  ( 1.1)3) 

Here  fii  is  the  transformation  matrix  of  the  beam  by  the  i-th  element; 


where  zi ,  y; ,  arj ,  and  are  the  beam  parameters  Ai . 


Figure  1.8.  Layout  of  Optical  System  of  Device 
Let  the  image  be  checked  in  plane  0„, 

The  beam  parameters  in  the  image  plane  are  then  determined  from  the 
expression 


A 


(1.54) 
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Not  only  the  matrices  of  the  optical  elements,  but  also  the 
transformation  matrices  in  the  space  between  the  elements  are  taken  into 
account  in  the  product  of  the  matrices. 

When  using  radial  matrices  [28],  the  beam  parameters  in  the  i-th  plane, 
perpendicular  to  the  optical  axis  of  the  system,  are  characterized  by 
coordinates  yi ,  zj  of  the  point  of  intersection  of  the  plane  by  the  beam 
and  by  angles  and  ffi  of  the  inclination  of  projection  of  the  beam  in 
the  meridional  and  sagittal  planes,  respectively.  Rotation  of 
coordinate  axes  Oxyz  of  the  base,  on  which  the  optical  system  is 
located,  can  be  described  with  respect  to  the  coordinate  system,  bound 
to  the  observation  object  by  the  matrix  of  direction  cosines. 

If,  for  example,  the  order  of  rotation  of  the  coordinate  system  of  the 
base  is  assumed  as  follows:  yaw  angle  6,  pitch  angle  i),  and  bank  angle 
if,  one  can  write  at  small  angles 


'  1 

—  0  \|)  ■ 

x' 

y 

= 

0 

1  —  (p 

z 

T  1  _ 

(1.55) 


The  linear  displacements  of  the  input  beam  can  be  reduced  to  the 
corresponding  angular  misalignments;  therefore,  one  can  assume  that  the 

input  beam  intersects  plane  OjZiyi  at  the  origin,  i.e.,  —  10  0  P;  aj. 

Using  equation  (1.55),  we  find 


_  e  Pi  -  (fai  . 

I>2  ,  _  op^  .|.  ,i;ai  ’ 

_  Ki  —  I})  +  <pPl 
“2  -  1  „  opi  -I-  i|,ai  • 


At  small  angles  ai  and  /)(  ,  we  have 

Al  l  dAi»lO  0(Pi  1  0)(ai-  HOF- 


where  dAj  =  [0  0  0  — 

Thus,  variation  of  the  position  of  the  optical  system  in  space  can  be 
represented  as  equivalent  variation  of  the  coordinates  of  the  input 
beam. 


The  matrix  of  transformation  of  the  beam  coordinates  by  the  space 
between  the  i-th  and  the  (i  +  l)-th  optical  elements  can  be  written  in 
the  form 
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1  0  A.,(,-|_|)  0 

0  1  0  —  di  (,•  1. 1) 

0  0  1  0 

0  0  0  I 


If  matrix  m  varies  by  the  value  dfii,  the  variation  of  the  beam 
coordinate  in  the  plane  of  the  next  element  can  be  written  in  the  form 


dA;,i  dh-lAi. 


Hence , 


dA,-+i  =  [c/n,]  A,-. 


(1.56) 


If  all  n  transformation  matrices  vary  simultaneously,  then  we  find  for 
the  beam  coordinates  at  the  output  of  the  n-th  element 


A„+i4-dA„^.i  -iMn  r  4ii](Ai  ;  (/Ai). 


Disregarding  second-order  terms,  we  have 


—  -^  |(  ^  Mi  )  (  n  III  )|  Ai  -{ 


+ 


i  ~  n\  /  =  K  /i. 


{1.57) 


If  the  beam  at  the  output  of  the  n-th  element  contains  information  about 
the  controlled  image,  its  parameters  should  remain  fixed  and  the  problem 
of  stabilization  reduces  to  fulfillment  of  the  condition 


0. 


(1.58) 


We  find  from  equations  {1.57)  and  (1.58) 


n  (  ,  ft 


/-i 


i'.  I  i  .•  i?, ,  [  /J,  )  1 ( A  ^ 


1-1 

M  • 


(1.59) 


i^-^i 
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Let  the  image  be  stabilized  only  due  to  variation  dfi\^  of  the  k-th 
matrix.  We  then  have  from  equation  (1.59) 


Hence , 


(1.60) 


If  the  parameters  of  matrix  d/tfc  can  be  varieni  and  if  the  reaction  matrix 
B  that  leads  to  these  changes  is  known,  we  find  at  small  deviations  of 
the  parameters  from  nominal  values  instead  of  equation  (1.56): 


•I4lI  A, 


dBij 


For  most  optical  elements,  assuming  that  the  angles  and  misalignments 
are  small ,  one  can  assume 


dAij  =  0. 

i.e.,  one  can  assume  that  the  parameters  of  the  transformation  matrix  of 
the  element  are  independent  of  the  parameters  of  the  input  beam. 
Expression  (1.59)  then  assumes  the  form 


(  n  ((,  ]  rfA,  ==  —  2j  n  (.qG,Bi  ) , 


where  q  ^  Idul  is  a  matrix  of  the  coefficients  of  the  sensitivity 

dBij  •  ' 

of  the  parameters  of  matrix  fi-i  to  reactions  Bij  . 

In  the  special  case  for  vrariation  of  the  parameters  of  only  the  k-th 
element  of  the  system,  instead  of  equation  (1.60),  we  find 
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(1.63) 


B„  = 


Expressions  (1.60)  and  (1.63)  permit  one  to  estimate  the  sensitivity  of 
the  optical  system  to  variation  of  the  parameters  of  the  elements 
comprising  the  system,  even  at  the  phase  of  selecting  the  optical  layout 
of  the  device  and,  thus,  to  select  the  most  efficient  version  from  the 
viewpoint  of  the  stability  of  the  entire  device.  On  the  other  hand, 
these  expressions  permit  one  to  determine  the  parameters  and  order  of 
arrangement  in  the  optical  circuit  of  the  controlled  elements  for 
achieving  the  greatest  control  effect  with  least  expenditiires  of  energy 
and  retention  of  the  stability  of  resolution  of  the  entire  optical 
device . 

It  is  obvious  that  a  multicircuit  and  mul t iconnected  stabilization 
system  using  two  or  more  control  elements  in  the  optical  circuit,  can  be 
employed  to  stabilize  the  image  under  conditions  of  significant 
variation  of  the  parameters  of  the  input  beam  over  a  wide  frequency 
range.  The  functions  of  processing  slow  misalignments,  significant  in 
value,  and  of  processing  insignificant  misalignments,  but  rapid  in 
value,  are  divided  among  these  elements. 

Thus,  the  problem  of  image  stabilization  upon  variation  of  matrix  A| 
reduces  to  formulation  of  matrix  Bk  according  to  equation  (1.63)  and  by 
which  the  compensation  displacements  of  the  k-th  element  of  the  optical 
system  are  also  determined.  This  problem  is  solved  by  using  automatic 
stabilization  systems. 

1.4.  Example  of  Analysis  of  Image  Shift  in  Optical  System 

Let  lis  consider  the  simplest  optical  system,  consisting  of  a  deflecting 
mirror  (OZ)  and  photodetector  (FP),  mounted  on  a  common  base.  Let  us 
assume  that  the  base  has  angular  displacements  with  respect  to  the 
object  of  observation.  Let  us  link  to  the  optical  device  the  coordinate 
system  Oxoyozo  (Figure  1.9,  a),  and  axis  Qxo  coincides  with  the  incident 
beam.  The  angular  displacements  of  the  base  with  respect  to  this 
coordinate  system  can  then  be  described  in  projections  of  angular 
velocities  'Jxo  i  <^y0,  h/zO^ 

Let  us  ccxisider  the  motion  of  a  central  beam  that  links  the  center  of 
the  original  and  the  center  of  the  image  on  the  photodetector. 
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Figure  1.9.  Variant  of  Attachment  of  Mirror  to  Outer 
Gimbal,  Oriented  According  to  Reflected  Beam: 
a — coordinate  system  bound  to  deflecting  mirror; 
b — gimbal  of  deflecting  mirror 

The  nature  of  motion  of  the  central  beam  along  the  photodetector  will  be 
determined  by  a  number  of  factors:  by  displacement  of  the  base,  by 
displacement  of  the  photodetector  and  deflecting  beam  with  respect  to 
the  base,  and  by  the  design  of  the  assembly  for  attachment  of  the 
deflecting  mirror  to  the  base.  Let  us  consider  a  version  of  attaching 
the  deflecting  mirror  in  a  gimbal  suspension  (Figure  1.9,  b) ,  tdiich 
permits  one  to  rotate  the  deflecting  mirror  by  angle  ff|  about  axis  Ozo 
and  by  angle  tf2  about  an  axis  perpendicular  to  the  deflecting  mirror 

(axis  OYo).  If  these  rotations  occur  at  angular  rates  ffj  and  tt2. 
respectively,  one  can  then  write  for  projections  of  the  angular 
velocities  of  the  mirror  onto  axes  Qxoyozo 


sin  a,;  I 

Uocosaf,  j 
0)ro  “  ' 

Transition  from  one  coordinate  system  to  another  is  achieved  by  using 
the  matrix  of  direction  cosines,  which  is  the  product  of  the  matrices  of 
sequential  rotations  about  axes  CbCj|> 
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Al^  (a) 


1 

0 

_0 


0  0  -I 

cos  a  —sill  a  ; 
sin  a  cos  a 


^‘\y  (a) 


"COS  a 
0 

sin  a 


M,  (a)  = 


COS  a 

—  sin  a 
0 


sin  a  0 
cos  a  0 
0  1 


0 

1 

0 


—  sin  a* 

0 

cos  a 


To  switch  to  coordinate  systems,  boiind  to  the  mirror  find 

the  matrix  equation 


[C0jf3C0//3C0z3]^  =  Mn  ^  ^ 

^Aere  (0^3,  0)^3  are  projections  of  the  angular  velocities  onto  axes 


(^i)  (0^2)  (c^l)  — 


'cosa2  0  — sin  ag 
0  1  0 
sin  ag  0  cosag 

cos  ai  cos  ag  sin  ai  cos  ag 
—  Sinai  cosai 


cosai  Sinai  0 
Sinai  cosai  0 
0  0  1 
-  sin  ag 
0 


LcosaiSinag  sinaisinag  cosagj 


It  should  be  noted  that  axis  Qx^  coincides  with  the  perpendicular  to  the 

surface  of  the  mirror;  therefore,  the  component  of  the  angular  velocity 
of  the  mirror  does  not  result  in  motion  of  the  beam  reflected  from 

the  mirror.  On  the  other  hand,  according  to  the  law  of  reflection,  the 
angular  rates  of  displacement  of  the  reflected  beam  along  axes  Oy^  and 

Oz^  will  be  twice  as  much  as  the  corresponding  angular  velocities  of  the 

mirror.  Thus,  for  projections  of  the  angular  velocities  of  the 
reflected  (i.e.,  output)  beam  onto  the  axes  of  the  mirror 

can  write 


[O) vnO)^„(02B]^  —  [0  2o)^3  20)^3]"^, 


(1.66) 


33 


To  find  the  projections  of  the  angular  velocities  of  the  output  beam 
onto  axes  Qxoyozn >  one  should  multiply  expression  (1.66)  by  the  matrix 
of  direction  cosines,  which  fulfills  the  inverse  transformation  compared 
to  matrix  Mjj(  ) ,  i  .e.  , 

[co"n<nO)°„l^  -  Mn  (a,)  [0  2co„3  2o),3 r,  (1.67) 

where  fojjn,  o)z„  are  projections  of  the  angular  velocities  of  the 

output  beam  onto  axes 

Mij  (a,)  =  Mz  {—  ai)  My  (—  a?) 
cosat  -  sill  tti  Oir  cosa2  0  sin  a, 
sin  a,  costti  0  0  10 

0  0  IJ  — sin  a2  0  cosa-j 

~cosai  cosa2  — sin  cos  at  sin  a, 

=  Sinai  cos  a2  cosai  sin  ai  sin  a2 

—  siiitta  0  cosa2 

Multiplying  out  expressions  (1.65)  and  (1.67)  and  having  substituted 
relation  (1.64),  we  find 

™ir3  =  COS  ttj  cos  a2  (oij-o  -  -  0-2  sin  a^)  f 
H-  sin  a,  cosa2  (Wyo  -|-  a2COsai)  -  sin  a,  -i-  di): 

=  — sina,  ((o.,.o  -I-  d2  sinai)  |  cosaj  (w„„  ]  djCosaj): 

co„  =  cos  tti  sin  a2  —  dj  sin  a,)  -| 

I  sinaisina2((0yo  -|  - ajcosdi)  {  cosa2  -{  d,); 

0 

W.rn  = 
o 

Having  substituted  matrix  (1.68)  into  relations  (1.69)  after  certain 
transformations ,  we  f ind 


—  2o)y3  sin  a\  -\  20)23  cos  ai  sin  ay, 
^  2o)v3 cosai  !  2o)23  sin  ai  sin  a^; 
0)zn  =  2co23cosa2. 


(1.68) 


w°n  =  (1)^0  (2  sin^ai  2  cos'  a\  sin^ao)  + 
-f  ®i/o  (—  2  sin  oci  cos  ai  -|  ■  sin  2ax  sin^  a^)  4- 
+  cojo  (cos  tti  sin  2a2)  -f  di  cos  sin  2a2  — 
—  ctj  2  sin  tti; 

0)^B  =  —  to, VO  (sin  2ai  cos^a?)  -  j- 
-|-  (o^o  (2  cos®  tti  I  2  sin®  sin®  aj)  (- 
+  (O20  sin  tzj  sin  2a2  f-  dj  sin  sin  2a2  r 
4-  d2  2cosai; 

tOzB  =  co,vo  sin  2a2  cos  aH-  co^o  sin  at  sin  2a24- 
-f  (Ovo2  cos®  a2  I-  di  2  cos®  aj. 


(1.70) 


Blurring  of  the  inage  on  the  photodetector  will  be  determined  by  the 
difference  of  angular  velocities  of  the  beam,  impinging  on  the 
photodetector,  and  by  the  photodetector  itself.  If  the  photodetector  is 
attached  to  the  base,  it  moves  with  the  angular  velocity  of  the  base 
with  respect  to  the  object  of  observation.  Thus,  projections  of  the 
angular  rates  of  blurring  of  the  image  onto  axes  Oxoyozn  can  be  found 
from  the  expressions: 


It  is  obvious  that  the 
written  in  the  form: 


O  .0  , 

(05^  --  (0;,fn  —  W.V01 

o  0 

0)52  —  ^*^20* 

problem  of  stabilization 


(1.71) 


of  the  image  will  be 


locx  =  0; 

Wfij,  =  0; 
=  0. 


(1.72) 


To  guarantee  equalities  (1.72),  one  can  select  the  corresponding  angular 

velocities  with  respect  to  rotation  of  the  mirror  and  A  more 

effective  method  is  introd\Jction  of  the  corresponding  angular 
displacements  of  the  photodetector  or  of  the  entire  optical  system  with 
respect  to  the  base.  The  projections  of  the  angular  velocities  of  the 

photodetector  onto  axes  Oxo.vozo,  i.e.,  to°q„  to,;],  should  be 

substituted  into  expression  (1.71). 
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Figure  1.10.  Variant  of  Attaching  Mirror  to  Outer  Gimbal, 
Oriented  According  to  Incident  Beam: 
a — coordinate  system  bound  to  deflecting  mirror; 
b — gimbal  suspension  of  deflecting  mirror 

The  basic  element  of  most  optical  systems  is  the  objective,  mounted  in 
front  of  the  photodetector  such  that  the  photodetector  is  in  its  focal 
plane.  The  angular  displacements  of  the  photodetector  are  rational  only 
about  the  principal  axis  of  the  objective,  while  the  other  angular 
displacements  of  the  photodetector  can  be  reduced  to  linear 
displacements  in  the  corresponding  directions  at  velocities  v^.  This 

motion  is  equivalent  to  angular  displacement  of  the  vector  at  velocity 

w.  =  V.  f '  ,  where  f''  is  the  focal  distance  of  the  objective.  The 
$.3  (p 

corresponding  projections  of  vector  ui^  are  substituted  into  expression 
(1.71). 

Let  us  consider  other  versions  of  a  design  for  attachment  of  the  mirror. 
A  coordinate  system  and  the  design  for  attachment  of  the  deflecting 
mirror,  corresponding  to  this  system  and  corresponding  to  the  order  of 
rotation,  are  shown  in  Figure  1,10,  a  and  b.  As  before,  let  us  assume 
that  the  light  beam  from  the  object  of  observation  coincides  with  axis 

%• 
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Figure  1.11.  Variant  for  Attachment  of  Mirrors: 
a — coordinate  system  bound  to  deflecting  mirror; 
b — gimbal  suspension  of  deflecting  mirror 

For  this  case,  instead  of  expressions  (1.70),  we  find: 

^XB  =  (sin^ai  —  cos“  aj  sin^  ao)  —  (o,4i2  cos  ai  sin  a2  cos"  - 1- 
-|-  (O^iisln2aicos^a2  —  ai2cosai  sin  cos^  ag  -[-  022  sin  aj; 

(Ojrii  (---  2  COS  ao  cos  (X\  sin  a^)  j  («>,ji2  cos'  ao  j 
+  co^|,2  sin  ai  sin  aa  cos  aa  -I  di2  cos^  (1.73) 

(o^B  =  (sin  2ai  cos2a2)  -  j-  o),^n  (2  sin  aj  sin  ao  cos^"a~)  I 
+  «2n2  (sin^  ai  sin^  aa  +  cos^  a^  |- 
+  (2  sin  ai  sin  ag  cos^  aa)  f-  6.22  cos  ai. 

By  analogy  with  equations  (1,72)  and  (1.73)  for  the  case  shown  in  Figure 
1.11,  a  and  b,  one  can  write 

WvB  “  w,vn2  siir  ao  ■[-  ( —  sin  a\  sin  2a2)  j  \ 

-I-  co^„  (cos  ai  Sin  2a2)  |  6i2  sin^  ag; 
cO/^B  “•  (o.vn  (  sin  ai  sin  2ao)  j  (2  cos"  ai  -  •  2  siir'ai  cos^  ao)  — 

—  co„,(siii2ai  I  sill  2ai  cos^ag)  (1.74) 

-f-  di  ( —  sin  ai  sin  2a2)  j-  da  (2  cosa^); 
cozB  ~  (cos  ai  sin  2ao)  |  sin  2ai  ( 1  j  cos'"  a^)  j 
I  0)2n2  (casual  cos^aa  sin^aj)  I  d^  (cosai  sin  2a3)  |  da2sina|. 
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Chapter  2.  Principles  of  Image  Stabilization 

2.1.  General  Principles  of  Image  Stabilization  for  Different  Optical 
Systems 

Various  optical  devices,  mounted  on  a  moving  base  and  requiring  the  use 
of  an  image  field  stabilization  system,  are  ordinarily  recording 
devices.  Photographic,  television,  image  converter,  and  other  image 
detectors  are  used  as  the  image  recorder  in  them.  In  this  regard,  these 
systems  will  be  further  designed  on  examples  of  recording- type 
apparatus,  sjpecifically ,  on  examples  of  AFA. 

Misalignment  of  the  image  by  two  of  its  coordinates,  caused  by 
displacement  of  the  optical  device  in  space,  can  be  compensated  by  the 
following  basic  methods:  1)  by  displacement  of  the  camera  objective,  2) 
by  displacement  or  rotation  of  the  reflecting  or  refracting  optical 
elements  contained  in  the  device,  and  3)  by  displacement  or  rotation  of 
the  optical  elements,  additionally  introduced  to  the  layout  of  the 
device  to  compensate  for  misalignment  of  the  image,  and  4)  by 
displacement  of  the  image  detector. 

The  problem  of  selecting  one  or  another  method  of  compensation  is 
determined  by  analysis  of  alternative  variants  of  making  the  image 
stabilization  system.  This  problem  can  seemingly  be  solved  without 
introduction  of  additional  elements  into  the  optical  layout  of  the 
device.  However,  an  increase  of  the  energy  expenditures  and  of  the  mass 
of  the  device,  related  to  introduction  of  a  stabilization  system,  at 
high  intensities  and  broad  range  of  displacements  of  the  base,  is  mainly 
dependent  on  the  coefficients  of  inertia  of  the  moving  elements  of  the 
optical  system.  Those  solutions  at  which  these  values  would  be  minimal 
must  be  used.  It  follows  from  the  foregoing  that  additional  elements 
with  small  coefficients  of  inertia,  specially  designed  for 
stabilization,  can  be  introduced  into  the  optical  circuit. 

Let  us  consider  the  design  principles  of  optical  systems  with 
stabilization  of  the  image  field  on  examples  of  various  types  of  known 
cameras . 

1.  Misalignment  of  the  image  can  be  compensated  in  cameras  with  flat 
image  field,  without  resorting  to  additional  optical  elements,  by 
displacement  of:  the  objective  in  two  coordinates,  the  film  holder  part 
containing  the  film,  or  an  leveling  table  with  segment  of  the 
photographic  film  on  it  also  in  two  coordinates.  The  mass  of  all  three 
image  misalignment  compensation  devices  can  be  estimated  in  the  first 
step  of  analysis  of  alterative  solutions  and  the  problem  of  selecting 
the  best  variant  can  be  solved. 
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Introduction  of  additional  compensating  elements  of  the  mirror,  prism, 
wedge  and  other  types  can  be  substantiated  for  all  types  of  cameras  only 
if  the  mass  of  the  introduced  compensation  assembly  is  related  to  the 
mass  of  the  variant  selected  from  the  above  three  variants  as  1:2  or 
less. 

2.  Misalignment  can  also  be  compensated  by  several  methods  in  cameras 
which  take  photographs  by  a  scanning  system  or  without  it  on  fixed  film, 
arranged  on  a  cylindrical  surface,  for  example,  in  panoramic  AFA,  in  AFA 
of  PACA-70  type  (the  Netherlands),  and  in  cameras  with  special 
wide-angle  objectives:  a)  by  displacement  of  the  objective  i^arallel  to 
the  generatrix  of  the  cylindrical  surface  of  the  leveling  table 
containing  the  film,  b)  by  displacement  of  the  film  holder  part  in  the 
same  direction,  c)  by  rotation  of  the  film  holder  part  about  the 
cylindrical  surface  of  the  leveling  table,  and  d)  by  additional  rotation 
of  the  scanning  element  about  the  scanning  axis. 

3.  The  objective  in  cameras  with  spherical  image  field  may  not  be  used 
as  the  compensation  element  in  the  image  stabilization  system.  The 
image  can  be  compensated  only  by  angular  rotations  of  the  leveling  table 
containing  the  film  about  the  central  axes  of  symmetry  of  the  spherical 
surface  of  the  image. 

The  problem  of  selecting  the  element  of  the  optical  system,  by  which  one 
should  compensate  the  image  misalignment  upon  misalignments  of  the  base, 
is  one  of  the  problems  of  designing  the  stabilization  system.  Other 
problems  are  related  to  the  principles  of  designing  automatic 
stabilization  systems  and  to  database  organization  and  management. 

Those  systems  in  which  the  possibility  of  a  direct  check  of  misalignment 
of  the  device  together  with  the  moving  base  provide  the  best  database 
organization  and  management. 

The  design  principles  of  automatic  image  stabilization  systems  and  the 
models  of  optical  systems  for  different  types  of  cameras  are  similar. 

The  difference  is  only  in  the  methods  of  displacement  of  the 
compensation  elements,  of  the  selected  alternatives  and  in  the 
properties  of  the  given  type  of  camera.  This  representation  can  also  be 
made  for  other  image  detectors,  such  as  television  camera  tubes,  IR 
detectors,  and  solid-state  structures.  The  shapes  of  their  light- 
sensitive  surfaces  can  be  the  same  as  the  shape  of  the  film  on  the 
leveling  table  of  the  camera.  For  this  reason,  image  stabilization 
systems  can  be  made  similar  to  each  other.  However,  one  should  note 
that  misalignment  of  the  image  can  be  comp^ensated  using  television 
receivers  and  image  converter  tubes  not  only  by  moving  the  entire 
detector  (as  was  considered  in  the  example  of  a  camera),  but  also  by 
acting  on  the  speed  of  the  reading  electron  beam  (in  the  case  of 
television  camera  tubes)  or  on  the  control  readout  signal  (for  solid- 
state  image  detectors ) .  However ,  the  functional  diagrams  of  control  of 
image  stabilization  devices  remain  the  same. 
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Figure  2.1.  Generalized  Functional  Diagram  of 
Optical  Device 
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Most  existing  image  stabilization  systems  are  based  on  the  use  of 
information  obtained  by  one  or  another  method  about  the  current  value  of 
the  parameters  of  motion  of  the  base. 

Data  on  misalignment  of  the  image  can  obviously  be  found  only 
indirectly. 

Let  us  consider  a  generalized  functional  diagram  of  an  optical  device 
(Figure  2.1).  An  optical  signal  g  is  fed  to  the  input  of  the  optical 

circuit  (OTs).  The  motion  of  the  image  in  the  focal  plane  of  the 

objective  is  characterized  by  vector  v  .  Vector  v  of  the  motion  of  the 

H  n 

photodetector  (FP)  together  with  vector  v  yields  the  vector  of  the 

H 

difference  motion  Av,  vAiich  in  turn  is  fed  to  the  recording  device  (UF). 
The  film  (together  with  the  shutter),  a  solid-stage  image  sensor  and  so 
on  can  be  used  as  the  image  recording  devices. 

A  shift  of  the  image  S  on  the  recording  device  is  determined  not  only  by 
the  parameters  of  vector  Av,  but  also  by  the  characteristics  of  the 
recording  device. 

One  of  the  main  causes  of  misalignment  of  the  image  is  the  motion  of  the 
base  O  due  to  perturbations  B^.  The  vector  of  motion  v^  is  determined 

by  using  the  parameters  of  motion  of  the  base.  The  parameters  of  this 
vector  are  calculated  by  the  base  misalignment  meter  (IS)  and  are 
delivered  as  the  control  actions  on  the  controller  (KU)  of  the  motion  of 
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the  moving  elements  (PE)  of  the  optical  circuit  and  photodetector, 
do  this,  the  controller  generates  compensating  motions  and  v^2* 


To 

For 


partial  compensation  of  the  image  shift,  the  information  at  the  output 
of  the  base  misalignment  meter  can  be  used  as  the  base  stabilizer  (USO) . 


It  follows  from  the  diagram  presented  in  Figure  2.1  that  the  image 
stabilization  system  is  designed  in  the  given  case  on  the  open  principle 
and  may  not  be  used  effectively  to  compensate  for  perturbing  effects 

and  Bjj  on  the  optical  circuit  and  the  photodetector,  respectively.  The 

errors  of  the  base  misalignment  sensor  result  in  uncompensated  errors  of 
the  system  as  a  idiole. 

The  obvious  deficiencies  of  stabilization  systems,  designed  on  the  use 
of  data  on  displacement  of  a  moving  base,  resulted  in  the  need  to 
develop  essentially  new  approaches. 

One  of  the  natural  directions  of  improving  the  accuracy  of  image 
stabilization  is  design  of  a  system  using  data  directly  about  the 
misalignment  itself . 


Figure  2.2.  Generalized  Functional  Diagram  of 
Optical  Device  With  Image  Misalignment  Sensor 
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A  generalized  functional  diagram  of  this  device  is  presented  in  Figure 
2.2.  The  previous  notations  are  retained  in  the  figure.  An  image  shift 
sensor  (ISI)  is  used  to  measure  the  current  value  of  the  parameters  of 
difference  motion  Av.  It  follows  from  the  given  functional  diagram  that 
the  image  stabilization  system  becomes  closed  upon  difference  motion. 
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This  circumstance  permits  effective  suppression  of  all  perturbations 
acting  on  the  system,  regardless  of  their  physical  nature. 

High  requirements  on  accuracy  and  speed  are  imposed  on  the  image  shift 
sensor  as  on  the  element  of  the  closed  image  stabilization  system.  It 
is  obvious  that  the  range  of  measured  frequencies  of  variations  Av 
should  exceed  severalfold  the  highest  frequency  of  the  perturbations 
acting  on  the  system.  The  motion  of  the  base  v^  is  ordinarily  the 

strongest  perturbation,  while  an  image  stabilization  system  can 
rationally  be  structured  on  the  combination  control  principle  for 
partial  suppression  of  this  perturbation.  Both  of  the  above  principles 
are  combined  in  the  control  system. 


Figure  2.3.  Block  Diagram  of  Formulation  of 
Image  Displacement 

Obvious  causes  of  the  image  displacement  of  the  optical  device  are 

mutual  displacements  of  the  base  of  the  device  and  of  the  object  of 

observation  in  inertial  space.  This  situation  can  be  reflected  in  the 

block  diagram  as  the  effect  of  the  vectors  of  displacements  of  the  base 

X  and  of  displacement  of  the  object  of  observation  x  on  the 
n .  o  0 .  H 

elements  of  the  optical  system  (Figure  2.3).  The  matrix  of  the  transfer 

coefficients  of  the  elements,  fixed  with  respect  to  the  base  of  the 

device,  is  denoted  by  K'  ,  while  that  of  the  moving  elements  is 

u  •  C 

denoted  by  K"  .  It  is  obvious  that  the  effect  of  vector  x  is  equal 

in  value  and  opposite  in  sign  to  the  effect  of  vector  x  on  all 

11 .  u 

elements  of  the  optical  system  simultaneously.  Additional  displacements 
of  the  image  can  be  achieved  by  introducing  beise  displacement  devices 
(UPO)  and  moving  element  displacement  devices  (UPE)  with  matrices  of 
transfer  functions  WypQ(p)  eund  W^g(p),  respectively.  Control  signals 

gi  and  g2  should  be  delivered  to  the  control  inputs  of  these  devices. 

The  problem  of  stabilization  reduces  to  fulfillment  of  condition  jj  - 
=  0,  i.e.,  to  suppression  of  image  misalignments. 
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The  control  channels  of  different  parameters  in  most  cases  of 
engineering  realization  of  stabilization  systems  do  not  actually  have 
cross-couplings  and  the  matrices  in  description  of  these  systems  will  be 
diagonal  or  can  be  reduced  to  diagonal .  This  circumstance  permits  one 
to  linearize  the  mathematical  description  of  the  optical  system, 
considering  the  transformation  of  the  coordinates  of  displacements  of 
the  base  of  the  observation  object  and  of  the  elements  of  the  optical 
system  in  coordinates  of  image  displacements. 

It  should  be  noted  that  the  optical  image  detector  is  also  included 
among  the  elements  of  the  optical  system  in  this  interpretation  of  the 
problem . 

Parametric  stabilization  of  image.  It  follows  from  the  block  diagram 
presented  in  Figure  2.3  that  if  the  following  condition  is  fulfilled 


k;.c-i-  k;.c=-o 


(2.1) 


perturbations  ^  and  ^  do  not  influence  the  displacements  of  the 

image.  The  details  of  engineering  realization  of  these  optical  systems 
will  be  considered  in  the  next  chapter.  We  note  only  that  introduction 
of  high-speed  image  recorders  in  the  system  permits  one  to  reduce  the 
time  of  analysis  of  the  image  and,  accordingly,  the  amount  of  smearing 
during  this  time.  This  circumstance  can  be  represented  as  the  result  of 
inclusion  of  an  element  with  matrix  of  transfer  coefficients  less  than 
unity  into  the  optical  system  of  the  device. 


Image  stabilization  system  with  programmed  processing  of  perturbing 
effects.  A  stabilization  system,  designed  on  the  open  control 
principle,  is  simplest  to  realize.  The  values  of  vectors  x  and  x 

U  .  rt  il .  O 


either  remain  constant  or  vary  by  known  law  in  a  number  of  cases.  An 
example  of  this  device  is  the  AFA.  The  effect  of  displacement  of  the 
base  (the  aircraft)  at  specific  velocity  v^  at  a  specific  altitude  Ho 


can  be  compensated  by  corresponding  displacement  of  the  entire  optical 
device  or  of  the  elements  of  its  optical  system  durin^g  photography.  A 


programmer  with  matrix  of  transfer  coefficients  K 


n.y’ 


v^ich  transforms 


the  introduced  and  predicted  estimates  of  vectors  x„  ^  and  x^  „  to  the 

^  n.o  o.H 


vectors  of  control  signals  gi  and  g2 ,  is  introduced  into  the  structure 
of  the  system  for  this  purpose.  It  is  obvious  that  real  displacements 
will  differ  to  one  or  another  degree  from  the  predicted  displacements: 
therefore,  image  stabilization  on  this  principle  does  not  yield 
satisfactory  results  in  most  cases. 


Image  stabilization  system  with  control  by  perturbing  influences. 
Condition  (2.1)  is  difficult  or  impossible  to  fulfill  in  most  cases; 
therefore,  the  design  of  the  optical  device  should  vary  the  position  of 
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the  entire  device  in  space  or  of  the  number  of  elements  of  the  optical 
system . 

The  corresponding  control  systems,  which  also  include  base  displacement 
sensors  (IPO),  components  of  the  optical  system  (IPE),  and  components  of 
the  object  of  observation  (ION),  besides  base  displacement  devices  and 
moving  element  displacement,  should  in  turn  be  used  to  control  the 
position  in  sjpace.  The  cross-couplings  through  different  control 
channels  are  ordinarily  small  or  can  be  reduced  to  a  minimum. 

Therefore,  the  spatial  control  problem  breaks  down  into  a  number  of 
one-dimensional  control  problems  for  each  of  the  parameters  of  the 
vectors  of  input  actions. 


Figure  2.4.  Block  Diagram  of  Optical  Device 
With  Base  Position  Stabilizer 


Figure  2.5.  Block  Diagram  of  Optical  Device 
With  Control  Circuit  of  Position  of  Elements 
of  Optical  System 

Moreover,  it  is  sufficient  in  some  practical  problems  to  eliminate  the 
effect  of  displacement  of  the  base.  The  block  diagram  presented  in 
Figure  2.4  for  the  scalar  case  corresponds  to  a  stabilizer  of  the 
position  of  the  base  in  inertial  space.  The  transfer  function  for  one 
coordinate  for  input  x„  „  can  be  written  in  the  form 

n.o 


^u,  o 


^0.  c  c 

1  +  y  no  (pW  lino  (P) 


(2.2) 


It  follows  from  expression  (2.2)  that  the  condition  q(p)  0  must  be 
fulfilled  to  stabilize  the  image.  In  the  frequency  band  reproduced  by 
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the  base  stabilization  circuits,  we  find  with  regard  to  expression  (2.2) 
the  condition  of  image  stabilization  in  the  form 


vno  (p)  W uno  ip)  K,  c  -I-  k"o,  c. 


(2.3) 


Expression  (2.3)  imposes  a  restriction  on  the  minimum  possible  si)eed  of 

the  base  position  stabilization  system.  It  is  obvious  that  condition 

(2.3)  should  be  fulfilled  over  the  entire  reuige  of  frequencies  of 

variations  of  x  . 

11  •  o 

The  problem  of  image  stabilization  can  also  be  solved  by  controlling  the 
position  of  the  elements  of  the  optical  system  in  inertial  space  (Figure 
2.5).  Instead  of  expression  (2.2),  we  find 


o(p)  feo.c^•  1 +  HJ'yn3(p)VHn3(P)  • 


(2.4) 


The  condition  of  image  stabilization  ^(p)  =  0  is  written  in  the  form 


yns  ^iir®  ^P^ 


K..\ 

K..]' 


(2.5) 


It  follows  from  expression  (2.5),  that,  first,  the  system  for 
stabilization  of  the  position  of  elements  of  the  optical  system  should 
be  static  with  transfer  factor  according  to  the  control  circuits, 

determined  by  this  expression.  Secondly,  the  condition  \k'o,c  \  >|^o.c|- 

should  be  fulfilled  to  eliminate  the  appearance  of  positive  feedback  and 
instability  of  the  system.  Moreover,  the  signs  of  k"^  ^  and 

should  be  different. 

A  sensor  of  the  p>arameters  of  displacements  of  the  observation  object 
(ION)  with  transfer  function  Wj.Qj^(p)  should  be  introduced  into  the 

structure  of  the  system  for  ccmiplete  image  stabilization. 

One  can  write  for  the  block  diagram  shown  in  Figure  2.6 


o  — *^11.  ip)  -^o.  IIOH  iP)  ip)^ 
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vAxere 


Cft/n'l  —  (p)  ^^yilo  (P) 

^  1  +  Wr^  uno  (P)  y no  iP) 

^  B  (P)  I  _j_  W'yno  (P) 

We  find  for  displacement  of  the  optical  elements 

-^n.  9  “  -^n.  o  'i”  A'n.  o.  3  ~ 

=  [-^n.  o^-'u  ip)  -I-  -^o.  ip)  HOH  (|0)1 1 1  —  uno  {p)  ^  yri3  (p)\  + 

+  ^0.  non  {p)  ^ yns  {p)- 

Beised  on  the  previous  expression  for  displacement  of  the  image,  one  can 
write 


■^n.  II  -'^0.  II  if^o.  c  I  ^0.  c)  I  -*!^ii.  0^0.  c  T  -'n  3^0.  c  — 

=  x„,  o  {^0.  c'^-’b  ip)  --|-  ko.  C0B  (p)  1 1  —  nno  ip)  yn3  (p))}  4- 

-|  -  Afo.  H  {k'o.  c<f>  (p)  U^HOH  (p)  —  (k’o.  c  -1-  ko.  c)  H-  0  (p)  W^IIOII  (p)  k'o  c  X 

X  [1  —  U^Hno(p)  W^yn3(p)  H-  ^o.  cW  hoh  (p)  ^l^yn3(p)l}' 


Figure  2.6.  Block  Diagram  of  Optical  Device  With 
Sensor  of  Parameters  of  Displacement  of  Observation 

Object 

The  condition  of  invarieince  to  perturbing  effects  is  written  in  the  form 

ko.  c  T  ^o.  c  1 1  — IF  nno  (p)  ^  yii3  (p)  I  “  0. 
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Hence , 


^yuo(p)~~ _  ^ 

W 


(2.6) 


Moreover, 


0  (p)  r  non  (p)  Wo.  c  -!-  /?;.  c  (1  -  W' niioCp)  (P)l 

—  (A:;,  c  i  •  kn.  c)  j-  /io.  C^'^IIOH  ip)  yna  (P)  ^■ 


(2.7) 


Having  substituted  expression  (2.6)  into  equation  (2.7),  we  find 


^ liOH  (P) 


(p) 


1+-^ 


Thus,  the  transfer  functions  of  sensors  of  both  perturbing  effects 
should  be  identical  and  their  value  is  determined  only  by  the  ratio  of 
coefficients  k'  q  ^ind  transfer  function  Wyj|g(p). 


Figure  2.7.  Block  Diagram  of  Optical  Device 
With  Image  Displacement  Sensor 

It  is  obvious  from  the  derived  equations  that  the  speed  of  the  closed 
control  circuit  with  transfer  function  #(p)  has  no  influence  on 
fulfillment  of  the  condition  of  invariance. 

Image  stabilization  system  with  control  by  image  displacement.  A 
radical  means  of  improving  the  quality  of  the  image  stabilization  system 
is  to  develop  image  feedback  in  its  structure.  To  do  this,  current  data 
must  be  found  about  displacement  of  the  image  vdiich  is  taken  frcsn 

the  output  of  the  image  displacement  sensor  (IPI)  with  transfer  function 


47 


Wj^(p)  (Figure  2.7).  The  condition  of  image  stabilization  appears  in 

the  form  of  the  matrix  of  transfer  functions  being  equal  to  zero 
according  to  perturbations  in  a  closed  system. 

One  can  find  the  following  relation  from  this  condition: 


ip)  Vl^yrio  ip) 


^0.  C  “t“  ^O.  c 


^  1 1  ni  l  ip)  ^  yns  ip)  1 » 


from  which  it  follows  that  control  of  the  position  of  the  components  of 
the  optical  circuit  in  the  given  structui;*e  can  be  introduced  only  at 

^0.  c  ^  Pn.  c- 

Retention  of  two  control  channels  is  rational  in  this  case  to  expand  the 
dynamic  range  of  the  compensated  values  of  displacements  ^  and 

It  is  obvious  that  the  channel  of  the  base  displacement  device  permits 
control  at  practically  unlimited  values  of  displacement  x  and  permits 

U  •  H. 

one  to  reduce  considerably  the  possible  displacement  of  the  base 

On  the  other  hand,  the  channel  of  the  moving  component  displacement 
permits  one  to  trigger  comparatively  small  misalignments  of  the  image  at 
high  speed,  and  eiccordingly,  with  smaller  dynamic  error. 

2.2.  Mounting  Equipment  on  Moving  Base  and  Methods  of  Initial 

Orientation  of  It  With  Resp)ect  to  Object  of  Optical  Observations 

The  resolving  cap>abilities  of  optical  devices  located  on  a  moving  base 
are  considerably  determined  by  the  method  of  attaching  them.  It  is 
obvious  that  the  equipment  can  be  mounted  on  shock  absorbers  to  suppress 
vibration  misalignments  of  the  base  (spjecifically  in  the  high-frequency 
range).  The  effectiveness  of  shock  absorption  is  enhanced  when  the 
frequency  of  natural  vibrations  of  the  device,  connected  to  the  base 
through  a  flexible  coupling,  is  reduced.  On  the  other  hand,  the 
stiffness  of  this  elastic  coupling  should  provide  the  required  accuracy 
of  orientation  of  the  optical  axis  of  the  device. 

Let  us  consider  an  AFA  in  the  side-looking  mode  as  an  example  of  the 
requirement  on  the  accuracy  of  orientation  of  the  main  optical  axis. 

It  follows  from  expressions  (1.21)  that  the  rate  of  misalignment  of  the 
image  along  axis  Oj’'  is  determined  by  the  approximation  formula 


Vi  ^f'vn^infpUfo, 


(2.8) 
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where  jO  is  the  angle  between  the  horizontal  plane  and  the  principal 
optical  axis  of  the  device. 

Let  us  represent  this  angle  in  the  form  of  the  sum  of  the  basic  angle 
and  of  the  orientation  error  Af?.  Then,  instead  of  expression  (2.8),  we 
find 


y,.  -!^sin<ro(l  fAfpcIgTo)- 
0 


One  can  determine  the  component  of  the  rate  of  misalignment  of  the 
image,  determined  by  the  orientation  error,  in  the  last  expression.  The 
permissible  value  of  this  error  can  then  be  found  in  the  form 


^yi 


Aon 


r  liL  cos  (fo 
^  0 


viiere  permissible  value  of  the  uncompensated  rate  of 

misalignment  of  the  image. 


It  follows  from  this  formula  that  the  requirements  on  the  accuracy  of 
initial  orientation  increase  as  the  angle  decreases  and  as  the  ratio 
''n^o  increases . 


All  the  foregoing  is  related  to  image  stabilization  systems,  designed  on 
the  open  principle.  If  there  is  an  image  displacement  sensor,  the 
errors  of  orientation  of  the  main  optical  axis  of  the  device  have  no 
effect  on  misalignment  of  the  image,  since  they  are  suppressed  jointly 
with  other  perturbations. 

An  initial  orientation  system  should  be  introduced  into  the  structure  of 
the  device  to  maintain  specific  orientation  of  the  main  optical  axis, 
which  sussumes  the  presence  of  the  corresponding  information  channels  and 
devices  that  permit  one  to  measure  and  record  in  space  the  position  of 
the  principal  optical  axis.  The  latter  requirement  can  easily  be 
fulfilled  if  the  optical  device  incliades  an  image  stabilization  system. 
Correction  signals,  which  permit  one  to  assign  a  specific  position  of 
the  principle  optical  axis  with  respect  to  the  object  of  photografrfiy  at 
the  beginning  of  each  operating  cycle,  should  be  suppressed  for  the 
additional  inputs  of  the  local  drive  control  modules  of  the  moving 
ccanponents  of  the  optical  system  of  the  device.  The  function  of  the 
information  channels  is  clear  from  the  foregoing.  The  navigation  and 
orientation  equipment  that  already  exist  on  the  base  can  be  used. 
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Thus,  the  signals  from  the  output  of  the  onboard  gyro  unit  can  be  used 
on  the  aircraft  for  initial  orientation  of  the  aerial  camera.  The 
required  frequency  of  correction  of  the  autonomous  image  stabilization 
equipment  of  the  optical  device  can  be  established  experimentally  or  can 
be  determined  from  the  ratio  of  the  permissible  orientation  error  and 
the  drift  rate  of  the  gyroscopes  of  the  stabilization  system.  The 
design  principles  of  gyroscopic  orientation  systems  and  methods  of 
calculating  them  are  outlined  in  [53].  Besides  gyroscopic  systems, 
systems  for  orientation  by  astronomical  objects  are  also  considered  in 
[3]. 


2.3.  General  Characteristic  of  Image  Misalignment  Compensation  Devices 

Various  additional  compenents,  on  which  the  effects  of  the  compensating 
motion  of  the  image  uji  to  a  v'alue  which  essentially  does  not  deteriorate 
the  quality  of  the  image  to  be  recorded  have  an  active  influence  and  are 
added,  are  introduced  into  the  optical  system  to  elimiriate  the  effect  of 
stabilization  ei-rors.  Let  us  consider  only  the  components  themselves  in 
this  section  and  let  us  evaluate  the  possibilities  of  using  them, 
without  touching  on  the  design  features  of  the  optical  device  itself. 

Functions  that  determine  the  direction  of  the  beam  (reflected  or 
refracted) ,  which  are  ordinarily  found  by  using  the  following 
expression,  are  used  to  design  stabilization  devices 


A'  =  A  -  2N  (AN), 


(2.9) 


tdiere  A  is  the  unit  vector  of  the  direction  of  the  impinging  beam,  N  is 
the  unit  vector  of  the  direction  of  the  normal  of  the  reflecting 
surface,  and  AN  is  the  scalar  product  of  the  vectors  [60]. 


Figure  2.8.  Layouts  of  Main  Image  Misalignment 
Compensation  Devices: 

a — coordinate  system  of  flat  mirror;  b — wedge 
with  variable  refracting  angle;  c — planop>arallel 
fiber  optic  element  (VOE);  d — image  misalignment 
compensator  using  VOE ;  1 ,  2 — perts  of  compensator 
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One  can  ivrite  A'  =  M'A,  where  M'  is  the  transfonnation  matrix,  in  matrix 
form. 

The  transformation  matrix  for  a  flat  mirror  (Figure  2.8,  a)  is 
determined  in  the  following  form: 


M' 


■1-2/Vi  -2N,Ny  —2N;cNi 
—  2N,Ny  1  -  2Nl  —  2NyN^  , 
2A^/V^  —2NyN^  1  -  2/VL 


(2.10) 


vdiere  Nx,  Ny  and  Nz  are  projections  of  the  unit  vector  N  of  the 
direction  of  the  normal  of  the  mirror  onto  axes  x,  y,  and  z  of  an 
arbitrary  fixed  coordinate  system. 

It  is  quite  sufficient  to  use  the  indicated  expressions  to  determine  the 
effect  of  rotations  of  the  mirror  about  one  or  another  axis.  Thus,  even 
if  the  mirror,  the  plane  of  which  is  perpendicular  to  plane  Oyz  and  if 
its  principal  cross-section  comprises  an  angle  of  45"  with  axes  Oz  and 
Oy,  is  located  in  coordinate  system  Qxyz,  the  normal  N'  is  determined  by 
the  expression 


N'  =  j  sin  45"  —  k  cos  45". 


The  incident  beam  is  determined  by  the  unit  vector 


A  —  i  cos  i  sin  |  j  cos  i  cos  |  |-  k  sin  i. 


The  mirror  is  rotated  about  axis  Ox  by  angle  jl.  Equation  (2.10)  must  be 
solved  to  find  the  unit  vector  of  the  reflected  beam,  having  first 
determined  the  normals  of  the  inverted  mirror,  i.e.,  N'  =  MN. 

Multiplying  out  the  matrix  M,  we  find 


- 1  0  0 

■  0  - 

N'  = 

0  cosij; 

sin  45° 

_0  sinij)  cosi|i 

cos  45° 

j  sin  (45°  |-  \|')  —  k  cos  (45"  -|-  \|’). 


It  follows  from  this  equation  that 


=  0;  Ny  =  sin  (45°  1  \|’);  =  —  cos  (45°  I 
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The  unit  vector  of  the  output  beam  then  assumes  the  form 


A'  —  MiA  =  —  i  cos  Y  sill  |  j  (cos  2v|i  sin  Y  ~  sin  2vl''  cos  g  cos  y) 
-|  k  (cos  2t  cos  I  cos  Y  1-  sin  2ili  sin  y). 


The  turns  by  the  other  axes  can  also  be  found  in  similar  fashion.  The 
following  expression  is  valid  for  a  refracting  surface 


A' 


-'-^A 

n 


n{— (AN)  -  (/  1  I  (— )'l(AN)* 
=--T  -Ji-  A  !  N  f  -A-  cos  1  !  ■  cos  i' )  , 

n  '  \  n  J 


r 


(2.11) 


where  n  and  n'  are  the  refractive  indices  of  the  first  and  second  media, 
separated  by  the  refracting  surface,  and  i  and  i'  is  the  angle  of 
incidence  and  the  angle  of  refraction  of  the  beam  on  the  surface. 

It  is  shown  in  [60]  that  the  operation  matrix  of  a  refracting  wedge  is 
determined  by  the  following  expression: 


cosx  -|  2/;xSin*-^ 


~  Pt  si'i  I  "^PxPy  sin* 

—  py  sin  V.  j  2pxpt  sin*  -y 
2p^Py  sin*  — Pz  sill  x  Py  sin  x  ■  |-  2p^pt  sin*  -|- 

2p^  sitf f  cos  X  —  sinx -|  - 2pypzsin* , 

2pyPz  sin*  X  -]•  Px  sin  x  cosx  -j-  2p\  sin  ^ 

where  ae  is  the  angle  of  rotation  of  the  refracted  beam  (output  beam) 
with  respect  to  the  incident  ( input )  beam  and  px ,  Py ,  and  pz  are 
projections  of  the  unit  vector  of  the  edge  of  the  wedge  onto  the 
corresponding  coordinate  axes. 

Angle  36  for  a  wedge  with  small  refracting  angle  0  is  equal  to 


x«0  (1  I  1  .  DlgM’  )~ 
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The  value  of  angle  «  in  the  first  approximation  (at  small  angles  and  at 
angles  of  incidence  7  not  more  than  45“ )  is  dependent  only  on  the  angle 
of  incidence  of  the  beam  on  the  wedge  and  is  independent  of  the 
orientation  of  the  plane  of  incidence  with  respect  to  the  principal 
cross-section  of  the  wedge. 

A  wedge  with  variable  refracting  beam  can  also  be  used.  This  type  of 
wedge  can  be  formed  by  two  methods:  by  using  two  glass  plates,  mounted 
with  the  capability  of  rotating  about  two  mutually  perpendicular  axes, 
or  by  a  combination  of  positive  and  negative  lenses  that  form  a 
planoparallel  plate  in  combination.  The  operation  matrix  of  this  wedge 
will  be  determined  in  both  cases  in  the  form  of  the  product  of  two 
matrices  differ  both  by  the  value  of  angle  ae  and 

by  unit  vectors  of  the  edge  of  the  wedge.  For  the  case  corresponding  to 
Figure  2.8,  b,  we  have: 


/’i  Pii  - 


The  matrix  assumes  the  form: 


M 


«.?r 


cos  Xa  ^cos  Xi  +  2  sin® 
cosxi  sin  Xa 


L  " 

—  sin  Xa  (^cos  Xi  [-  2  sin®  0 

cos  Xi  cos  Xa  —  sin  Xj  ^cos  x,  - !  2  sin®  -^  ) 

sin  Xi  cos  Xj  cos  x,  (^cos  Xj  - j  -  2  sin® 


When  using  a  telescopic  system  mounted  in  front  of  the  objective  of  the 
optical  apparatus  as  a  stabilization  element  of  the  image  field,  the 
angle  between  the  direction  of  the  beams  emerging  from  the  eyepiece  and 
the  sighting  line  is  determined  in  the  form  of  /?  =  €+  e'  or  $*  =  e  + 

+  Ff  =  f{l  +  F),  idiere  f  and  f '  are  the  angles  of  the  beams  and  F  is  the 
visible  magnification. 

The  dependence  between  e  and  e'  can  be  expressed  by  the  angular 
magnification  of  the  telescopic  system  in  the  form 


e'  =  yc. 
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On  the  other  hand,  for  a  telescopic  system,  we  have  7  ==3  r  ~  foe/foK. 

^  ~  ^/oC/ZoK* 

The  angle  between  the  direction  of  the  beams  emerging  from  the  eyepiece 

and  the  sighting  line  is  determined  as  ^  =  f  +  e'  or  —  e+ye“e(l  +  /’). 

The  angle  between  the  direction  of  the  beams  emerging  from  the  eyepiece 

and  the  sighting  line  at  7  =  -1  is  equal  to  the  angle  between  the 

incoming  beam  and  the  sighting  axis. 

Image  speed  compensators,  based  on  the  use  of  fiber  optic  elements 
(VOE),  can  operate  only  when  they  are  mounted  in  the  image  plane. 

Let  us  consider  the  effect  of  one  fiber  optic  element  in  the  form  of  a 
planoparallel  plate,  the  fibers  in  which  are  laid  parallel  to  each  other 
(Figure  2.8,  c).  The  relationship  of  the  image  coordinates,  located  on 
the  input  and  output  surfaces,  is  determined  by  the  following 
expression: 


1 _ 

0 

0 

1 

0 

0 

t _ 

1 

_ ! 

= 

0  1  0 
_o  0  1 

1 

0  0 

_ 1 

+ 

I - 

0  > 

1 _ 

where  A  is  the  thickness  01  the  plate. 

The  second  teim  of  this  equation  shows  the  operation  of  the  fiber  optic 
element.  It  is  clear  that  rotation  does  not  change  the  initial 
correlation  of  the  coordinates  upon  rotation  of  the  plate  about  axis  Oy, 
i.e.,  upon  multiplication  of  the  second  term  by  the  corresponding 
matrix.  We  arrive  at  a  trivial  conclusion  that  a  planoparallel  fiber 
optic  element  with  parallel  placement  of  the  fibers,  perpendicular  to 
the  input  and  output  surfaces,  causes  no  misalignment  of  the  transmitted 
image  upon  movement  of  it. 

Let  us  consider  another  case  when  the  elementary  fibers  in  this 
planoparallel  plate  I’emain  parallel  to  each  other  and  at  the  same  time 
form  some  constant  angle  (for  example,  ()  with  the  input  and  output 
surfaces.  The  previous  equation  then  assumes  the  form 


'a-'" 

\  0  0- 

'Xo 

'1  0  0' 

'  0  - 

y' 

= 

0  1  0 

Vo 

+ 

0  1  0 

A 

_z'_ 

_0  0  L 

Jo. 

0  0  1_ 

.AtglJ 

The  second  term  is  the  operation  matrix  of  the  fiber  optic  element.  If 
the  fiber  optic  element  is  rotated  about  axis  Oy,  the  operation  matrix 
of  the  fiber  optic  element  assumes  the  form 
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rAtgl  slnfp-i 


A 


A  tg  I  cos  (p 


It  follows  from  the  last  expression  that  each  point  of  the  image  upon 
rotation  of  the  fiber  optic  element  by  some  angle  f  receives  identical 
increments  with  respect  to  the  corresponding  coordinate  axes. 

A  flat  fiber  compensator,  consisting  of  two  lens-like  fiber  optic 
elements  (Figure  2.8,  d),  in  which  the  elementary  light  guides  are 
arranged  perpendicular  to  the  flat  surfaces  and  one  of  the  plates  is 
rigidly  attached,  while  part  1  can  rotate  about  the  axis  passing  through 
the  center  of  curvature  of  the  contiguous  surfaces,  can  be  used.  The 
image  psissing  through  the  plate  undergoes  the  following  changes:  part  1 
is  transferred  from  the  flat  surface  to  a  cylindrical  or  spherical 
surface,  and  part  2  on  the  contrary  is  transferred  from  the  cylindrical 
or  spherical  surface  to  the  plane.  Because  part  1  is  the  movable 
element,  the  origin  of  the  coordinates  of  the  system  can  be  transferred 
to  the  center  of  curvature  of  the  parts  (to  the  center  of  oscillation). 
By  analogy  with  the  previous  case,  the  transformations  of  the 
coordinates  in  matrix  form  assume  the  form 


■a:"' 
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'1  0  O' 
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idiere  r  is  the  radius  of  a  sjdiere,  zomax  is  the  dimension  of  the  fiber 
optic  element  along  axis  OZ,  and  Ao  is  the  total  thickness  of  the 
plates . 

The  second  term  in  this  expression  is  the  operation  matrix  of  the  first 
fiber  component,  ivhile  the  third  term  is  the  operation  matrix  of  the 
second  fiber  component. 

When  one  part  rotates  with  respect  to  the  other  about  the  axis  passing 
through  the  center  of  curvature  of  adjacent  surfaces,  the  elementary 
light  guides  of  the  first  part  rotate;  the  image  with  curvdl inear 
surface  to  be  transmitted  onto  a  plauie  does  not  occupy  the  previous 
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position.  The  image  is  shifted,  v^hich  can  be  used  to  compensate  for  the 
motion  of  the  image,  caused  by  other  factors. 

The  operation  matrix  of  the  inverted  first  component  has  the  form 


)t;osir  . 

^0  max  ^  J 

Since  the  image  detector  is  combined  with  plane  A,  the  image  will  be 
shifted  along  axis  Oz  at  the  following  rate  due  to  rotation  of  the  fiber 
component  about  axis  Qx,  jDassing  through  the  center  ol  curvature  of  the 
part 


M, 


ll'  r‘ 

,(l  V  -  Z” 


z,1 V  r- 


V  r  - 


zt 


‘0  innx 


)  (p  sill  If, 


i.e.,  the  value  of  Zi ,  variable  with  respect  to  axis  Oz,  also  approaches 
zero  at  zo  —  zomax* 

2.4.  Methodical  Errors  of  Image  Misalignment  Stabilization  System 

It  was  shown  earlier  that  the  rate  of  misalignment  of  the  image  is 
complexly  dependent  on  the  coordinates  of  the  image  field,  on  the 
orientation  of  the  optical  device  with  respect  to  the  object  plane,  and 
on  the  values  of  the  angular  and  linear  rates  of  displacement  of  the 
base  of  the  optical  device  with  respect  to  the  object  field. 

Let  us  transform  equation  (1.21)  to  the  following  form  to  analyze  the 
possibility  of  compensating  for  image  displacement: 


y.  =  yj  yi  Sin  rp  +  COS  (p  -  -f 

■j~Zi  (lo^n-h-ff-cosip)  +/(-^sin(p-w,„)  =  (2.12) 

- —  ~  ^  “f  ^'^211  ^  I  f  j  \ 

-L  (i/i  sin  <P  -f  cos  (p)  +  (Zi  cos fp  1-  f  sin  ip); 
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/  (  ^0  'f'  «’  +  COS  <p)  -f 

4  W,n-^  -  (0.^.ny,  -(-  /  Sin  <p  !-  (Oi,n)  == 

-  -  «,ny.'  -t-  %„  (/  -  JL^  +  (o,„  -ML  _j_ 

I  / 

177  (^'’  ~j~  'f’  f  'I')- 


It  follows  from  the  above  expressions  that  the  stabilization  system  can 
be  made  in  the  following  manner  to  fulfill  the  image  stabilization 
«  • 

conditions  (zi  =  yi  =  0). 

1.  The  entire  device  is  placed  on  a  base,  stabilized  with  respect  to 

angular  coordinates  in  inertial  space.  In  this  case,  cd^i,  ^  o),^„  :=r  =  o. 

The  effect  of  the  linear  velocity  of  the  base  can  be  compensated  by 
shifting  the  photodetector  or  object  at  rates  —  i.. 

The  same  effect  can  be  achieved  by  introducing  image  shift  compensators 
that  operate  in  a  parallel  bundle  of  beams,  Tdiich  cause  misalignment  of 

the  image  according  to  the  following  expressions:  o^,./  --  f/j, ;  (0,^,;/  ~ 

where  and  are  the  additional  angular  velocities  of  the  bundle  of 

beams  obtained  due  to  introduction  of  the  compensator,  into  the  optical 
system  of  the  device. 

The  compensators  are  used  in  this  case  to  reduce  the  misalignment  caused 
by  the  linear  rate  of  displacement  of  the  base. 

Three-axis  stabilization  of  the  optical  device  and  the  possibility  of 
displacement  of  the  moving  element  of  the  optical  system  in  two 
coordinates  are  obviously  required  in  the  case  under  consideration. 

Even  in  this  case,  total  compensation  of  misalignment  for  the  entire 
image  field  is  possible  only  at  v^^^  =  0  and  j?  =  90**,  i.e.,  if  the 

principal  optical  axis  of  the  device  is  perpendicular  to  the  plane  of 
the  objects. 

2.  There  are  moving  elements  in  the  optical  system  of  the  device  that 
guarantee  rotation  of  the  coordinate  system,  bound  to  the  bundle  of 
beams,  sequentially  about  all  three  axes,  or  corresponding  displacement 
of  the  photodetector.  It  is  obvious  that  even  in  this  case  only  partial 
compensation  of  image  misalignment  is  possible. 

Let  displacement  of  the  compensating  elements  result  in  an  additional 
angular  momentum  of  the  principal  optical  axis.  The  projections  of  this 
additional  angular  momentum  onto  the  axes  of  the  device  can  be  denoted 
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by  6f  ,  u  ,  and  u  .  Instead  of  expressions  (2.12)  and  (2.13),  we 
xK  yK  zK 

find: 


Vi  =  -J-  Writ)  -I  ('"./II  I  "'./.i)  (—  ■^)  +  ("’f'  +  + 

+  (^yi  Sin  rp  -f  cos  tp)  +  (z.  cos  <p  -1  f  sin  q ): 

2/  =  —  yt  ((".Til  f"  ("xi<)  ■{■  ("'i/ii  T"  ("i/i:)  (^f  ^ 


+  (0)^n  '•)-  0).k)  ^  (^i-  5i'>  '1^  -I— ^COS  t) 


+  -^(z,  C0S(p  |-f  sin  rp). 


The  condition  of  image  stabilization  yi  =  Zi  =0  can  be  fulfilled,  for 
example,  if  ov,, {o„„  —  — Wj,,,.  We  find  for  from  equations 
(2.12)  and  (2.13): 


(("zii  d'  ("jk)  —  f  ((’.rnf/f  I  C'/n/) 


sin  ip  -I — j-  cosip 

Hoiin-i') 

Sin  ff  H - j-  cos  T 


Adding  these  equations,  we  find 


It  follows  from  the  last  expression  that  the  linear  velocity  of  the  base 
can  not  be  completely  compensated  at  all  points  of  the  frame. 

In  the  center  of  the  frame,  yj  =  Zi  =0  and  instead  of  equations  (2.12) 
and  (2.13),  we  find: 


I/i  =  —  (Wzn  ^  ®zk)  /  +  f  'P' 
2.  =  ((o.„d-co,„)/-l-  -Sr/sin(p. 
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The  image  misalignment  in  the  center  of  the  frame  should  be  compensated 


f -^sincp; 

«i/K  =  —  ®yn  — -TT^sirKp. 


The  stabilization  error  is  determined  in  the  following  manner: 

Ai/i  =  f'.vuZi  4-  sin '()  +  /  [-^  sin  (p  +  cos  <p  -f- 

i/i  (sin 'p  4-— cos  (p)  ; 

AZj  =  — (o.^n{/i  4-  2i  (sin  <p  +  -^  cos  <p  j  4- 

+  -^sin<p-^  4-  Zj  (cos<p  -f -^sin(p)  . 


Compensating  actions  by  integral  estimates  of  misalignment  of  the  image 
must  be  introduced  when  the  parts  of  the  image  over  the  entire  field  of 
the  frame  are  important. 

Integrating  the  input  eauations  (2.12)  and  (2.13),  we  find  the  mean 
values  of  the  velocities: 


y?  =  -^ 


ili  dci  dl/i  -  Wjn  ^  j  gj,j 


(2.14) 


I 


Zi  dii  diji  ojyjj  ^  ^  j  -j-  v^ii  -jj~  sin  (p. 


(2,15) 


'*^in  "~yn 


The  image  stabilization  system  realizes  the  relation  y?  —  z?  ~  0.  Let 

compensation  (as  before)  be  determined  by  introduction  of  displacements 

n  ^  and  a  „. 
zK  yK 


We  then  find  from  expressions  (2.14)  and  (2.15): 
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—  '^yn  yy  Slfltp* 


r-Ty-" 


Wni: 


Wyii  =  i'zK  —  SilKf  2 


—  -/2 
q  / 


Having  substituted  these  values  into  input  expressions  (2.12)  and 
(2.13),  we  find  the  remaining  misalignment  of  the  image 


Ml  J1  sill  qp 


Al/i  =  -  -^^'^n-77^-2 


2"  —  /“ 


+ 


+  Vyn-^{y'i  —  /") 


Sin  9 


f2  2  0 

f  "J" 


v„u -jj-  (sin  cp  -f-  cos (p )  -h 


+  y.vn  (sin  (p  -h  -y  COS  (p)  = 


=  4-  Lrn  ^  (sin  Ij'  -f  COS  (p)  -j-  t', 


/  .  3 

J/II  „  situp  2 


2  ^^3  2 


-  U  —  U' 

q  i*  I 


-/2 
i'r/j  I 


■Sin  cp' 


z  2  3 

■3-  “■ 

3  / 


+  ^an-^  (sin  (p  -f  COS  tp)  . 


We  have  at  the  origin  zp  =  yp  =  0.  Then  at  f  >  Zm,  we  have: 


Ai; 


2  Zm 

3  /Wo 


Sin  (p; 


A//i 


2  ^(11 


sill  (p. 


The  derived  expressions  permit  one  to  perform  comparative  analysis  of 
the  engineering  capabilities  of  image  misalignment  stabilization 
systems,  which  are  designed  by  using  different  information  devices  and 
image  misalignment  compensation  devices. 
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Chapter  3*  Functional  Image  Stabilization  Devices 
3.1.  Stabilization  Devices  With  Optical  Wedges 

One  of  the  methods  of  solving  the  problem  of  stabilizing  the  position  of 
a  beam  in  space  upon  rotations  of  an  optical  system  about  two  mutually 
perpendicular  axes  is  to  use  an  optical  wedge  with  variable  angle  of 
refraction  with  the  corresponding  rotation  of  the  edge  of  the  wedge. 

Both  glass  wedge  systems  and  liquid  wedges  are  used. 

Let  us  consider  the  possible  design  versions  of  these  devices. 

Stabilization  devices  with  optical  wedges,  formed  by  lenses.  The 
operation  matrix  of  an  optical  wedge  with  variable  angle  of  refraction, 
which  permits  one  to  calculate  the  path  of  the  beam  at  any  angle  of 
incidence  of  it  on  the  optical  wedge,  was  presented  in  the  previous 
chapter.  Since  the  optical  axis  is  perpendicular  at  the  initial  moment 
to  the  input  edge  of  the  wedge,  one  can  limit  oneself  to  consideration 
of  the  paraxial  beams  to  evaluate  one  or  another  design  of  an  optical 
wedge  compensator.  Let  us  consider  optical  wedge  compensation  devices 
with  variable  deflection  angle,  in  which  a  pair  of  contiguous  optical 
lenses  is  used,  and  one  of  the  lenses  is  attached  such  that  it  can  be 
shifted  in  two  mutually  perpendicular  directions  with  respect  to  the 
center  of  curvature  of  the  surfaces  of  the  adjacent  parts  (Figure  3.1). 
All  the  surfaces  of  the  adjacent  lenses  can  generally  have  a  radius  of 
curvature.  The  angular  displacement  of  the  beam  is  then  determined  by 
the  following  function  (Footnote)  (Japanese  patent  56-23125): 


K  = 


ni  ~~  no 

/Zi«3 


^2-^  \  (  112  +  ^  / 
~lh~)  + 


4-  +  1 )  ('*2  ■“  'h)  'f-  'h 


/hRj  —  (K;  —  /ll)^  p, 


(3.1) 


while  the  rate  of  deflection  is  determined  by  the  following  relation 


.0,  _  ^^0  /  I  I  ^2  +  (^1  ^  ^  1 

-  V  R,  )  + 


(3.2) 


+  [(. 


Ra 


+ 


(ii„ — ti 


l)+  ^^3  j 


fhRi  (^^2  ^i)) 

iitRi  i 


0, 


where  *  is  the  angle  of  deflection  of  the  beam,  i.e.,  the  angle  between 
the  incident  and  output  beams,  Ri ,  R2,  and  R3  are  the  radii  of  curvature 
of  the  corresponding  surfaces  of  adjacent  lenses,  no,  ni  ,  no,  and  n.s  are 
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the  refractive  indices  of  the  media  and  marks  of  glass  from  which  the 
lenses  are  made,  0  is  the  angle  of  rotation  of  the  movable  lens,  and  di 
and  ds  are  the  thickness  of  the  lenses  along  their  optical  axis. 


if 


Figure  3.1.  Optical  Wedge  Formed  by  Two  Lenses : 

1 — moving;  2 — fixed 

It  is  assumed  in  derivation  of  formula  (3.1)  that  sin  0  =-  0,  sin  (  —  i, 
tg  0  =  0,  tg  i  =  t,  cos  0  1 .  cos  i  =  1 . 

Formula  (3.1)  permits  one  to  calculate  the  misalignment  of  the  beam  at 
any  ratios  of  the  radii  of  curvature  and  of  the  thickness  of  the  lenses. 
Moreover,  it  permits  one  to  determine  the  misalignment  of  the  image  when 
the  system  is  operating  from  a  finite  distance,  and  also  vdien  estimating 
the  effect  of  shifting  the  image  during  misalignment  of  the  lenses.  In 
the  specific  case  during  operation  of  an  optical  device  with  infinite 
distance,  i.e.,  in  parallel  beams  and  when  using  a  combination  of 
planoconvex  and  planoconcave  lenses  having  identical  refractive  index  in 
the  stabilization  system,  i.e.,  at  no  =  ng  =  1 ,  n2  =  ni  =  n  and  Ri  = 

=  Rg  =  CO,  formula  (3.1)  assumes  the  following  form; 


X  —  (n  —  1)  0. 


(3.3) 


Several  identical  pairs  of  lenses,  which  permit  one  to  increase  the 
angle  of  deflection  of  the  sighting  axis  of  the  device,  can  generally  be 
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mounted  in  front  of  the  objective.  The  optical  accessory  should  be 
afocal  in  order  that  the  wedge  compensators  not  change  the  parameters  of 
the  system  itself.  The  following  condition  must  be  fulfilled 


(3.4) 

i=l 

vAiere  $  is  the  optical  intensity  of  the  lenses  and  N  is  the  number  of 
lenses.  (Footnote)  (U.S.  patent  3,959,088) 

The  design  of  such  a  complex  wedge  compensator  is  simplified 
considerably  if  the  centers  of  curvature  of  all  the  lenses  are  joined  at 
one  point.  The  movable  lenses  can  be  combined  and  synchronous  rotation 
of  them  from  one  motor  can  thus  be  guaranteed.  The  condition  of  tbe 
afocal  nature  of  the  system  will  thus  assume  the  form 


2]  /?i0i  -  1,  <3.5) 

where  Ri  is  the  distance  from  the  nodal  point  of  the  i-th  lens  to  the 
center  of  rotation.  Taking  into  account  that  $  =  l/f\  function  (3.5) 
can  be  represented  in  the  form 


1- 

1=1 


(3.6) 


It  follows  from  formula  (3.6)  that  the  condition  R  =  f'  should  be 
fulfilled  when  using  a  single  pair  of  lenses. 

The  total  angle  by  which  the  beam  is  deflected  after  passing  through  the 

;V 

system,  consisting  of  several  pairs  of  lenses,  is  equal  to  2j("i  —  1)  ©, 

1=1 

where  N  is  the  number  of  pairs  of  lenses.  It  is  understandable  that  the 
following  relation  must  be  fulfilled  to  retain  the  position  of  the 
sighting  axis  in  space 

H  («i  -  1)0;  =  e,  (3.7) 

i.e.,  from  the  equality  of  the  angles  of  rotation  of  the  sighting  axis 
of  the  device  0  and  the  angles  of  rotation  of  the  lenses  0i  follows: 
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For  example,  when  using  two  pairs  of  lenses,  the  total  of  the  refractive 
indices  for  parametric  stabilization  of  the  axis  of  the  device  should  be 
equal  to  ni  +  n^^  =3. 


Figure  3.2.  Layouts  of  Stabilization  Devices 
With  Optical  Wedges,  Formed: 
a — by  one  pair  of  lenses;  b,  c,  d,  e — by  two  pairs  of 
lenses;  f — by  three  pair  of  lenses;  1,  3,  8 — movable 
lenses;  2,  4,  7,  9 — fixed  lenses;  5 — mechanical  coupling; 

6 — rotating  element 


One  can  assume  from  general  concepts  of  design  of  optical  systems  that 
additional  optical  systems  with  magnification  equal  to  F  are  mounted  in 
front  of  one  or  several  pairs  of  movable  lenses.  Function  (3.6)  then 
assumes  the  form 


n 


{RMn 


i. 


(3.10) 


Magnification  F  equal  to  +1  should  be  used  in  expression  (3.10)  for  all 
pairs  of  lenses  that  do  not  operate  with  additional  optical  systems 
having  magnification  Fi.  If  rotating  systems  (for  example,  mirrors  or 
prisms)  are  mounted  between  pairs  of  lenses,  magnification  F  in  formula 
(3.10)  should  be  assumed  equal  to  -1.  The  functional  solutions  of  these 
compensators  are  presented  in  Table  3.2.  Specifically,  the  simplest 
layout  of  an  image  field  stabilization  device,  consisting  of  two 
lenses — a  planoconvex  2  and  planoconcave  1,  is  presented  in  Figure  3.2, 
a.  This  stabilizer  can  automatically  stabilize  the  sighting  axis  at 
specific  reduction  coefficient  kp,  which  links  the  angle  of  isolation  of 

the  device  to  that  of  the  movable  lens.  It  follows  from  expression 
(3.7)  that  it  will  be  determined  by  the  ratio  k  =  l/(n  -  1)  for  a 

Rk. 

single  pair  of  lenses. 


Specifically,  the  angle  of  rotation  of  the  lens  should  be  twofold 
greater  than  that  of  the  device  at  n  =  1.5.  Automatic  reducerless 
stabilization  can  also  be  achieved  by  using  high-density  glass,  the 
refractive  index  of  which  is  equal  to  2.  It  also  follows  from 
expressions  (3.7)  and  (3.9)  that  automatic  reducerless  stabilization  of 
the  optical  axis  is  also  possible  when  using  widely  distributed  marks  of 
glass;  two  pairs  of  wedge  compensators  can  be  used.  A  sufficient 
condition  for  total  stabilization  is  fulfillment  of  equality  (3.9)  and 
the  sum  of  the  refractive  indices  of  the  first  and  second  pair  should  be 
equal  to  3.  The  parameters  of  the  constituent  lenses  and  the 
coordinates  of  the  center  of  curvature  of  surfaces  with  respect  to  the 
constituent  wedges  are  determined  from  expressions  (3.7)  and  (3.6). 
Analysis  of  the  possible  design  layouts  of  a  reducerless  stabilizer  of 
the  sighting  axis,  in  which  two  pairs  of  lenses  are  used,  indicates  that 
motion  to  the  negative  lens  must  be  provided  in  the  first  pair  and 
motion  to  the  positive  lens  must  be  provided  in  the  second  pair  when 
there  is  a  combination  center  of  curvature  between  pairs  of  lenses 
(Figure  3.2,  b) .  If  rotating  systems,  mirrors,  rectangular  prism, 

Pechan  prism  with  covers  and  similar  optical  elements  having 
magnification  of  -1  (Figure  3.2,  c  and  d)  are  introduced  between  the 
I)airs  of  lenses,  the  lenses  of  the  same  type  in  both  pairs  becomes 
fixed.  The  design  of  the  device,  especially  sealing  of  it,  is 
simplified  considerably.  A  version  in  which  the  lens  is  not  rotated, 
but  is  displaced  positively  in  a  direction  perpendicular  to  the  optical 
axis  of  the  instrument,  is  also  possible. 
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The  overall  dimensions  of  the  stabilization  device  are  reduced  if  the 
design  layout  shown  in  Figure  3.2,  e  is  used.  This  layout  provides  for 
the  use  of  moving  optical  elemnts  of  the  same  type,  idiich  have  combined 
centers  of  curvature.  The  radii  of  curvature  of  these  elements  have 
identical  sign  and  are  not  equal  to  each  other. 

Chromatic  aberrations,  which  occur  as  a  result  of  variance  in  the 
optical  wedges,  introduced  the  greatest  errors  in  wedge  systems  mounted 
in  parallel  beams.  To  reiduce  them,  the  system  is  achromatized, 
introducing  yet  another  pair  of  lenses,  which  has  chromatic  aberration 
of  opxx)site  sign. 


Figure  3.3.  Layouts  of  Stabilization  Devices  With 
Liquid  Optical  Devices: 

a,  b — liquid  inertial  wedges;  c — single  liquid  wedge; 
d,  e,  f — pair  of  liquid  wedges;  1 — cylindrical  vessel 
2 — planoparallel  glass  plate;  3 — liquid;  4 — movable 
planoparallel  glass  plate;  5 — elastic  corrugation 
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The  condition  of  stabilization  of  an  image  by  an  achromatized  wedge 
system  of  this  type  can  be  expressed  in  the  form  of  changes  of  the 
deflection  of  a  medium-wavelength  beam  in  crown  and  flint  pairs  of 
optical  compensator  elements.  It  is  necessary  for  reducerless 
stabilization  of  the  image  that  the  total  deflection  of  the  system  of 
beams  be  equal  to  the  angle  of  deflection  of  the  body  of  the  device 


m  p 

Zj  0i;;  ~  i  0(J)/  =  ©, 

l=l 


(3.11) 


where  8^^^  and  0^^^  are  deflection  of  the  beams  by  crown  and  flint  pairs, 
respectively . 

Function  (3.7)  with  regard  to  relations  (3.11)  then  assumes  the  form 


T,  Uhu 
1  =  1 


1)- 


P 


Zj  ('Hfi  ■  1)  —  1  • 


(3.12) 


One  of  the  possible  layouts  of  the  achromatic  optical  axis  wedge 
stabilizer  system,  in  which  element  3  is  an  element  of  achromatization, 
is  presented  in  Figure  3.2,  f.  It  invludes  four  lenses,  two  of  which 
are  glued  and  are  the  movable  component. 

Stabilization  devices  with  liquid  optical  wedges.  Liquid  wedge 
compensators  (Figure  3.3)  are  equivalent  in  the  effect  of  compensating 
for  the  rate  of  motion  of  the  image  or  stabilization  of  the  optical  axis 
of  the  device  in  space  to  the  above  glass  wedge  compensators. 

The  first  sighting  axis  stabilization  systems  using  liquid  wedges  were 
inertial  and  had  individual  containers.  The  open  surfaces  of  the 
liquids,  enclosed  in  the  containers,  retained  their  position  in  space 
during  all  possible  rotations  of  the  container  itself. 

It  is  pointed  out  in  [45]  that  liquid  wedges  were  used  successfully  in 
levels  by  G.  Yu.  Stoldokeveich  in  1946.  N.  A.  Gusev  developed  the 
theory  of  liquid  inertial  wedges  [26].  Liquid  wedges,  based  on  this 
principle,  consist  of  a  cylindrical  vessel  and  two  chambers,  having 
three  sequentially  arranged  planoparallel  optical  plates  (Figure  3.3) 
[12].  The  layers  of  liquid  are  of  constant  thickness  in  the  neutral 
position,  i.e.,  when  the  optical  axis  of  the  apparatus  is  perpendicular 
to  the  earth’s  surface,  and  the  system  is  a  planoparallel  plate.  The 
input  planoparallel  plates  also  rotate  together  with  the  cylinder  upon 
rotation  of  the  apparatus  about  axes  x  or  y  by  angle  0.  The  surfaces  of 
the  liquid  A  and  A',  due  to  the  earth’s  gravity,  remain  parallel  to  the 
earth’s  surface  as  before,  i.e.,  optical  wedges  are  formed  between 
surfaces  A  and  A'  and  between  the  corresponding  inclined  input  windows. 
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If  the  sum  of  the  refractive  indices  of  the  liquids  are  equal  to  3,  two 
chambers  are  sufficient  for  stabilization  of  the  optical  axis  of  the 
device  according  to  condition  (3.9)*  This  type  of  compensators  is  used 
extensively  in  surveyor's  instruments  [12]. 

The  main  factors  that  reduce  the  accuracy  of  stabilizing  the  sighting 
beam  of  a  compensator  of  given  type  are  temperature  variations  of  the 
refractive  index  of  the  liquid.  The  temperature  range  in  which  the 
liquid  compensator  provides  the  necessary  stabilization  accuracy  upon 
inclination  by  angle  0  is  determined  by  the  following  formula: 


M  -  6i/(2e  A/?;), 


(3.13) 


where  Hi  is  the  permissible  angular  error  of  stabilizing  the  sighting 
beam  and  Ant  is  the  temperature  coefficient  of  the  refractive  index  of 
the  liquid. 

Capillary  phenomena  will  affect  the  accuracy  of  sighting  in  a  liquid 
compensator  with  open  surface.  The  surface  of  the  liquid  will  assume 
the  form  of  a  lens  rather  than  being  flat.  The  radius  of  curvature  R 

& 

of  the  liquid  surface  in  a  cylindrical  vessel  is  expressed  by  the 
function 


(3.14) 


where  a  is  the  capillary  constant  of  the  liquid  and  hi  is  the  capillary 
rise  of  the  liquid  along  the  axis  of  the  vessel . 

The  value  hi  is  found  from  the  expression 


(3.15) 


uhere  ri  is  the  internal  radius  of  the  vessel  and  Aj  a  f  (/  y  2  -  - 
-  ay  1  ^ sill  and  0^  is  the  boundary  angle  of  the  liquid. 
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Figure  3.4.  Diagrams  of  Stabilization  Devices  Using 
Nonmiscible  Liquids: 

a — optical  wedges  with  flat  surfaces;  b — optical 
wedges  formed  by  liquid  lenses:  1 — cylindrical 
vessel;  2 — planoparallel  glass  plate;  3,  4 — 
nonmiscible  liquids  with  different  refractive 
indices;  5 — interface  of  media 

Thus,  we  find  a  radius  of  curvatiire  of  the  surface  of  =  67  mm  for  a 

benzyl  acetate-dimethyl  phthlate  mixture  idiose  capillary  constant  is  a  = 
=  2.53  mm  in  a  glass  tube  16  mm  in  diameter  at  B  =  24“  by  formulas 
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(3.14)  and  (3.15),  i.e.,  the  surface  of  the  liquid  has  rather  large 
curvature  and  accordingly  the  lens  formed  by  this  surface  also  has  high 
optical  intensity.  To  eliminate  the  effect  of  capillary  phenomena  on 
the  accuracy  of  stabilizing  the  axis  without  changing  the  design  of  the 
compensator,  either  the  diameter  of  the  tube  must  be  increased  or  a 
correcting  lens,  which  forms  an  afocal  system  in  combination  with  the 
liquid  lens,  must  be  introduced  into  the  optical  system  (12,  24]. 

The  stabilization  errors  can  be  reduced  considerably  without  changing 
the  diameter  of  the  tube  if  floating  planoparallel  glass  plates  are  also 
introduced  into  esich  chamber  (Figure  3.3,  b).  (Footnote)  (U.S.  patent 
3,655,274) 

Some  liquids  are  not  miscible  with  each  other.  The  use  of  these  liquids 
permitted  one  to  develop  essentially  new  designs  of  optical  liquid 
wedges  for  stabilization  systems.  Diagrams  of  these  liquid  compensators 
are  presented  in  Figure  3.4,  a  and  b. 

Nonmiscible  liquids  in  a  closed  space  were  used  in  the  first  case  [25, 
45].  The  compensator  consists  of  three  sections,  each  of  which  contains 
two  layers  of  liquid  (Figure  3.4,  a). 


Beised  on  condition  (3.9),  the  difference  of  the  refraction  of  the 

liquids  (upper  and  lower)  should  be  n  -  n  s  0.333  for  automatic 
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stabilization  of  the  sighting  axis. 

It  is  pointed  out  in  [45]  that  this  ccanpensator  can  be  realized  when 
using  liquids  in  the  form  of  a  mixture  of  ff-methylnafAithaline  and 
toluene  for  the  top  layer  and  perfluoroethylamine  for  the  bottom  layer. 
It  is  noted  that  perfluoroethylamine  has  greater  density  than  a  mixture 
of  fl-methylnaphthaline  and  toluene,  while  the  refractive  index  of 
perfluoroethylamine  is  less.  The  latter  means  that  a  three-chamber 
compensator  using  these  liquids  will  stabilize  the  beams  vAien  they  pass 
in  the  bottom-upward  direction. 

A  diagram  of  a  two-liquid  compensator,  in  which  the  liquids  are 
separated  by  a  sphere  rather  than  through  the  plane,  is  presented  in 
Figure  3.4,  b  [13].  The  compensator  consists  of  a  tube,  idiich  has  a 
spherical  bottom.  The  tube  is  filled  with  liquid  having  refractive 
index  ni .  A  positive  liquid  lens,  formed  by  capillary  forces  whose 
refreictive  index  is  equal  to  n2 ,  is  located  inside  this  liquid  on  the 
bottom  of  the  tube. 

Misalignment  of  the  beam  as  a  function  of  ni  and  n2  without  regard  to 

the  refractive  index  and  radius  of  curvature  of  the  tube  R„  is 

a 

determined  by  general  formula  (3.1). 

It  is  shown  in  [13]  with  regard  to  these  factors  that  the  following 
relation  must  be  fulfilled  to  stabilize  the  sighting  axis  of  the  device 
in  space: 


—  Rk 


ih  («CT  —  1) 

«CT  («1  —  «2)  ’ 


(3.16) 


where  is  the  radius  of  curvature  of  the  interface  of  the  two  liquids 

at  point  O — the  middle  of  the  liquid  lens,  nj  and  n2  are  the  refractive 
indices  of  the  liquids,  and  n^^  is  the  refractive  index  of  gleiss. 

The  radius  of  curvature  of  the  interface  of  the  two  liquids  at  point  O 
is  calculated  by  the  formula 


— 7==^  exp 
4  y  a/n  2 


(3.17) 


where  a  is  the  capillary  constant  at  the  interface  of  two  liquids,  1  is 
the  dimension  of  the  positive  liquid  lens  along  the  horizontal  (see 
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Figure  3.4,  b),  and  8^  is  the  boundary  angle  of  the  interface  of  two 

liquids  at  the  point  of  contact  with  the  surface  of  the  bottom  of  the 
tube. 

The  use  of  inertial  liquid  wedges  in  optical  devices  with  large 
diameters  of  the  entrance  pupil  of  the  system  (up  to  200  mm)  results  in 
an  unsubstantiated  increase  of  the  overall  dimensions  and  mass  of  the 
system;  therefore,  liquid  wedges with  forced  variation  of  the  refracting 
angle  are  of  interest. 

It  follows  from  Figure  3.3,  c  that  the  wedge  is  two  planoparallel  glass 
plates  attached  by  an  elastic  corrugation.  The  cavity  of  the 
corrugation  is  filled  with  liquid.  (Footnote)  (U.S.  patent  3,212,420) 
One  of  the  glass  plates  is  rigidly  attached  to  the  body  of  the  optical 
device,  while  the  other  plate  is  mounted  in  a  gimbal  suspension  and  can 
rotate  in  a  small  range,  forming  a  wedge  with  variable  angle  at  the 
vertex.  The  variation  of  the  angle  of  the  wedge  (as  well  as  of  the 
azimuth  of  its  edge)  is  monitored  by  a  servo  system,  controlled  from 
angular- rate  sensors.  Different  design  versions  of  liquid  wedges  are 
possible.  Specifically,  the  functional  diagrams  of  two  liquid  wedges 
are  shown  in  Figure  3.3,  d,  e,  and  f.  The  design  of  the  wedges  shown  in 
Figure  3.3,  f  \-ia.s  developed  for  stabilizing  the  position  of  a  light  beam 
in  laser  communication  lines,  but  this  design  can  also  be  used  in 
imaging  devices  [25].  The  operating  principle  of  the  given  device 
follows  from  Figure  3.3,  f.  There  are  two  liquid  wedges,  in  each  of 
which  one  planoparallel  plate  is  directly  attached  to  the  device,  vdiile 
the  other  two  plates,  connected  to  each  other,  are  mounted  on  the 
movable  chassis  of  the  device  and  are  moved  by  the  corresponding  drives. 

The  azimuth  of  the  variable  angle  cam  generally  be  changed  by  a  simpler 
method,  bj"^  rotating  the  planoparallel  plates  about  mutually 
perpendicular  axes,  which  in  turn  are  perpendicular  to  the  optical  axis 
of  the  objective  (Figure  3.3,  e). 

The  range  of  application  of  wedge  compensators  is  limited  by  the 
chromatic  aberration,  the  permissible  value  of  which  for  estimating 
calculations  can  be  determined  from  the  following  expression: 


(3.18) 


is  the  angular  resolution  of  the  system. 


More  complicated  designs  of  wedge  compensators,  which  envision  the  use 
of  liquids  having  different  refractive  indices  and  variances,  should  be 
used  to  eliminate  chromatism.  It  is  known  that  an  optical  wedge 
consisting  of  two  optical  wedges  will  deflect  the  beams  by  angle  ae  and 
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does  not  have  chromatic  aberration  if  the  following  ratios  are 
fulfilled: 


X  =  (/ii  -  1)  ©1 +  (/;,- 1)  a; 

K  -  l)-^  +  («2  =  0-  (3.20) 


Solving  system  of  equations  (3.19)  and  (3.20)  with  respect  to  angles  0i 
and  02  >  we  find: 


©1  == 
©*- 


1 


Hj  —  1  Vi  —  Vj 

1  V2 


>c; 


th 


(3.21) 


The  given  functions  permit  one  to  determine  the  corresponding  operating 
logic  of  a  liquid  optical  wedge  system  and  to  achieve  dynamic  correction 
of  the  chromatism  of  this  system,  which  is  impossible  in  a  stabilization 
system  in  which  glass  wedges  are  used. 

If  the  requirements  on  the  chromatic  aberration  are  low,  these  designs 
can  be  used  to  achieve  rough  and  precise  stabilization  of  the  position 
of  the  beam . 

Thus,  liquid  optical  wedges  with  induced  variation  of  the  angle  of 
refraction  have  a  number  of  advantages  over  glass  and  inertial  liquid 
wedges  with  respect  to  guaranteeing  a  variable  angle  of  refraction  of 
the  wedge  over  time.  The  main  advantages  of  liquid  wedges  is  the  fact 
that  the  refracting  angle  of  these  wedges  is  varied  by  rotation  of  a 
comparatively  thin  planoparallel  plate.  First,  this  permits  one  to 
provide  a  variable  wedge  at  large  luminous  diameters  of  the  optical 
system  with  small  thickness  of  the  wedge  and,  secondly,  it  permits  a 
considerable  reduction  of  the  mass  of  the  movable  part,  which  in  turn 
permits  a  reduction  of  the  energy  consumption  of  the  entire  system. 
Third,  it  permits  one  to  reduce  the  overall  dimensions  of  the  entire 
optical  compensator,  since  the  rotational  axis  of  the  planoparallel 
plate  essentially  coincides  with  the  plane  of  the  plate  itself.  This 
advantage  becomes  obvious  when  compared  to  the  design  of  a  reductionless 
two-wedge  comp)ensator  (see  Figure  3.2,  b) ,  in  vdiich  the  lens  module  must 
be  rotated  about  the  combined  center  of  curvature. 

Although  engineering  realization  of  optical  liquid  wedges  is  undoubtedly 
more  complicated  than  traditional  glass  compensators,  their  advantages 
in  a  number  of  cases  are  superior  to  the  disadvantages;  therefore, 
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opticjal  liquid  wedges  have  been  used  in  devices  of  different 
designation,  for  example,  in  television,  movie  and  still  cameras, 
surveyor’s  instruments  and  so  on. 

The  Dynasciences  Corporation  has  achieved  the  greatest  success  in 
development  of  liquid  wedge  ccmipensators .  This  company  conducted 
careful  studies  during  the  period  from  1962  through  1965  of  the  system 
of  an  optical  liquid  wedge  and  development  of  its  design.  (Footnote) 
(U.S.  patent  3,910,693)  Small  control  systems  were  developed  as  a 
result  that  achieve  programmable  rotation  of  planoparallel  plates,  vdiere 
small  high-speed  gyroscopes  were  used  as  the  information  channel. 
Practically  all  modifications  of  the  liquid  wedges  of  this  company 
operate  with  a  stabilization  time  constant  T^  of  approximately  1  second. 

The  time  constant  is  tmderstood  eis  the  valxie  determined  by  the 
ex-pression  T  =  l/(2(,'^),  where  is  the  cutoff  frequency  of  the  system. 

This  company  has  developed  a  number  of  modifications,  idiich  are 
distinguished  by  the  diameter  of  the  input  aj>erture  and  by  accuracy 
characteristics.  Moreover,  the  price  of  the  eiccessory  fluctuates 
considerably  as  a  function  of  these  parameters. 

Thus,  the  Vibra  Stop  Lens,  having  a  mass  of  1.2  kg,  diameter  of  120  mm, 
and  thickness  of  122  mm,  was  developed  to  stabilize  the  image  in  cameras 
and  laser  and  IR  systems.  The  light  diameter  of  the  accessory  is  60  mm 
and  light  transmission  is  95  percent  [95]. 

The  Dynalens  So-38  accessory  was  developed  for  a  camera  mounted  on 
helicopters  and  operates  successfully  with  an  objective  having  f'  up  to 
1,000  mm  and  aperture  ratio  of  1:11  at  shutter  speed  of  1/125  s. 

It  should  be  noted  that  the  company  does  not  develop  a  universal  system, 
suitable  for  all  possible  cases,  but  develops  specific  accessories  based 
on  one  model.  Thus,  the  XM-76  accessory  has  been  developed  for  a 
vertical  observation  system,  the  SO-35  and  SO-60  accessories  have  been 
developed  for  working  with  the  objectives  of  variable  focal  distance  of 
television  cameras,  and  the  P-060-01  accessory  has  been  developed  for 
nontopigraphic  frame  aerial  cameras  of  the  KA-45,  KA-51,  KA-53,  and 
KS-72  type.  (Footnote)  (Prospectus  of  Dynasciences  Corporation) 

The  specifications  of  two  accessories,  the  T-030  and  T-060,  which  permit 
one  to  judge  the  capabilities  of  these  systems,  are  presented  below. 

Analyzing  the  applicability  of  image  stabilization  systems  through  the 
use  of  liquid  wedges  without  introducing  achromatization  systems,  one 
can  conclude  that  the  correction  angle  is  in  the  range  of  ±5" . 

Further  studies  in  development  of  more  improved  designs  of  liquid 
compensators  resulted  in  development  of  an  inertial  compensator,  capable 
of  operating  with  essentially  various  types  of  initial  orientations  of 
the  device.  (Footnote)  (U.S.  patent  3,941,451) 


ill 
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±3 

76.2 


+1.8 

162.4 


Range  of  compensation  angles, 
Effective  aperture,  mm 
Band  width  for  J  =  380-780  nm. 


percent 

95 

95 

Readiness  time  to  operation,  min 
Overall  dimensions,  mm: 

2 

2 

diameter 

177 

300 

length 

100 

127 

Dimensions  of  power  module,  mm 

280  X  220  X  150 

160  X  135  X  125 

Mass  of  head,  kg 

1.64 

6.35 

Mass  of  power  module,  kg 

1.72 

3.26 

Mass  of  charging  battery,  kg 

2.05 

2.05 

This  compensator  consists  of  a  closed  liquid-filled  vessel,  in  which 
there  are  two  tubes  formed  of  planoparallel  plates,  free  of  liquid.  The 
design  of  the  tubes  ensures  on  the  one  hand  that  they  are  sealed  and  on 
the  other  hand  that  one  of  the  plates  can  rotate  in  each  tube.  The 
rotary  plates,  due  to  the  effect  of  the  earth’s  gravity,  will  try  to 
maintain  their  position  in  space  and  will  thus  create  a  pair  of  wedges, 
and  will  also  guarantee  fulfillment  of  the  stabilization  condition 
(3.9) . 

Stabilization  devices  with  rotary  optical  wedges.  Maintenance  of  the 
optical  axis  of  the  device  in  space  with  small  evolutions  of  the  device 
itself  was  envisioned  in  the  previous  cases.  This  design  principle  is 
suitable  both  for  display  devices  and  for  image  recording  devices. 
However,  the  position  of  the  optical  axis  in  space  need  not  be  retained 
for  image  recording  devices,  but  it  is  sufficient  to  eliminate  the 
influence  of  misalignment  of  the  image  on  its  quality.  One  can  talk 
about  stabilization  of  the  image  recording  quality  rather  than  about 
image  stabilization  in  the  ordinary  understanding.  In  other  words,  the 
motion  of  the  image  during  the  time  of  its  recording  must  be  eliminated. 
To  do  this,  various  types  of  image  motion  compensation  devices  and 
specifically  optical  wedges,  which  rotate  about  an  axis  coincident  to 
the  axis  of  the  objective,  can  be  used.  However,  the  design  of  an 
optical  wedge  compensator  is  complicated  due  to  an  additional  mechanism 
that  supports  rotation  of  the  entire  compensator  with  respect  to  the 
optical  axis  of  the  device  to  combine  the  vector  of  the  compensation 
motion  of  the  image  with  the  vector  of  motion  of  the  image,  caused  by 
vibrations  of  the  device.  Ctoe  of  the  possible  compensators  is  a 
Rochon-Herschel  prism  [23],  vdiich  consists  of  two  identical  wedges, 
rotated  about  the  optical  axis  at  identical  speeds,  but  in  opposite 
directions.  It  is  easy  to  show  that  the  angle  of  deflection  of  this 
system  for  peuraxial  beams  is  equal  to  with  sufficient  degree  of  accuracy 
[76] 


where  (  is  the  angle  of  rotation  of  the  wedge  with  respect  to  the 
position  in  which  the  two  wedges  form  a  planoparallel  plate. 

The  angular  velocity  of  the  beam  is  determined  from  the  equation 


X  -  20|  (/!  —  1)  cos  I, 


(3.23) 


where  ^  is  the  angular  rotational  velocity  of  the  wedges. 

The  speed  of  the  image  with  regard  to  the  focal  distance  of  the 
objective  of  the  device,  caused  by  a  wedge  compensator,  will  be  equal  to 


-  2/'0|  {n  -\)  cost 


(3.24) 


It  follows  from  formula  (3.24)  that  the  same  speed  of  the  image  can  be 
provided  both  by  selecting  the  angle  of  refraction  of  the  edge  B  and  by 
the  corresponding  rotational  frequency  of  the  wedges.  This  dependence 
shows  that  the  position  of  the  sighting  axis  in  the  space  of  objects  is 
not  tracked  in  all  cases  (as  occurred  in  the  previous  versions). 


Figure  3.5.  Design  of  Optical  Wedge  With  Variable 
Angle  Without  Lateral  Misalignment  of  Axial  Bundle 

of  Beams: 

1,  2 — optical  wedges  with  different  refractive  indices 

The  problems  related  to  the  use  of  a  Roshon-Herschel  prism  was  studied 
in  detail  in  different  papers  [23,  60,  76,  87)  with  regard  to  the  use  of 
it  in  monitoring  devices ,  in  aerial  cameras ,  in  television  sets ,  in 
geodetic  instruments,  in  rangefinders  and  in  cameras.  We  note  in  this 
regard  that  the  very  first  and  the  most  important  is  H.  Erfle's  paper 
[87],  viiich  considered  in  detail  the  characteristic  features  of  the 
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1. 


given  prism  eind  showed,  specifically,  the  presence  of  lateral 
misalignment  of  the  axial  beam,  which  is  determined  by  the  expression 


X.L  20®  (n  —  1)  sin  g  cos®  1. 

The  range  of  transverse  misalignment  will  then  be  equal  to 


(3.25) 


iix  20®  {n  —  1)  cos  |  (1  —  3  sin®  |)  i 


(3.26) 


The  fxinction  cos  i  (1  —  3  sin®  |)  reaches  extreme  values  at  angles  (  =  0  , 

I  arccos  and  (  =  t/Z.  The  value  of  *  is  maximum  at  (  =  0  and 

approaches  zero  upon  rotations  of  the  wecige  by  angles  |  =  arccos  ( ±  ^ ) 
and  ^  =  p/2. 

Further  analysis  of  the  given  system  by  N.  V.  Sheynis  showed  that 
lateral  misalignment  of  the  axial  beam  can  be  essentially  reduced  to 
zero,  if  one  uses  wedges  of  more  complicated  design,  for  example,  in 
systems  consisting  of  wedges  having  different  refractive  indices  and 
glued  as  is  shown  in  Figure  3.5  [80]. 

It  is  shor>)n  in  [80]  that  the  angle  between  the  refracting  input  and 
output  edges  of  the  system  also  affects  the  lateral  misalignment.  The 
values  of  the  angle  of  deflection  and  of  the  rate  of  deflection  of  the 
beam  in  the  perpendicular  direction  will  then  be  expressed  by  the 
following  functions: 


X  =  2  sin  I  cos®  I  y  ,  0;  (n„  —  I) 

1=1  L  <=' 

2 

-  '^1 0'^^  -  -  1) 
t=l 

2 

X  =  2  cos  ^  (1  —  3  sin®  |)  |  0,-  (^k  —  I)  X 


X 


0, 


1=1 


(3.27) 
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v^ere  is  the  aiigle  at  the  vertex  of  one  glued  wedge. 

It  follows  from  analysis  of  the  indicated  functions  that  the  minimal 
values  of  misalignment  and  velocity  of  an  axial  beam  are  reached  if  the 
input  and  output  edges  are  perpendicular  to  the  optical  axis  of  the 
device . 

3.2.  Stabilization  Devices  With  Flat  Mirrors 

Stabilization  devices  with  reflecting  elements  are  also  based  on  flat 
mirrors.  These  devices  have  become  widespread,  since  any  system  of  flat 
mirrors  is  an  aberrationless  system  at  any  path  of  the  beams.  Devices 
with  a  combination  of  no  more  than  two  mirrors  are  ordinarily  used  in 
parallel  bundles  of  beams.  Combinations  of  three-four  mirrors  are 
possible  when  using  devices  in  rear  segment.  This  is  primarily  related 
to  the  dimensions  of  the  entrance  pupil  and  to  its  angular  field. 

Stabilization  devices  with  flat  mirrors  in  parallel  bundles  of  beams. 

The  different  versions  of  reflecting  stabilizers  are  shown  in  Figure 
3.6,  a,  b,  and  c. 


Figure  3.6.  Diagrams  of  Stabilization  Devices  With 
Movable  Flat  Mirror: 

a — with  one  movable  mirror;  b,  c — with  additional 
fixed  mirror;  OZl — ^movable  mirror;  0Z2 — fixed  mirror; 
0 — objective;  FP — photodetector 


KEY: 

1.  Movable  mirror  3.  Photodetector 

2.  Objective  4.  Fixed  mirror 
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Based  on  Chapter  1,  let  us  consider  some  examples  of  stabilization 
devices  that  use  one  mirror.  Let  us  determine  for  these  examples,  the 
condition  of  stabilization  of  the  image  field  at  different  orientations 
of  the  apparatus,  mounted  on  a  movable  base. 

Example  1.  The  incident  beam  is  perpendicular  ot  the  axis  of  rotation 
of  the  mirror  by  angle  a-i  (Figure  3.7).  This  example  corresponds  to  the 
case  presented  in  Figure  1.9,  a  and  b  at  tfi  =0,  a->  =  45"  and 

$  0 

According  to  equations  (1.70)  and  (1.71),  one  can  write: 


Hence,  the  condition  of  stabilization  of  the  image  (1.72)  is  written  in 
the  form: 


“2  -  2  “j'O'  “i  =  ~M.vo;  ai  =  -Wzo- 


It  follows  from  the  last  expressions  that  rotation  of  the  mirror  by 

angle  tti  can  be  used  to  stabilize  the  image  only  if  n  or  a  are  equal 

xO  zo 

to  zero. 


Figure  3.7.  Stabilization  Device  With  Flat  Mirror 
(Rotational  Axis  of  Mirror  Is  Fixed) 


KEY: 

1 .  Mirror 


2 .  Photodetector 
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(Ip  <pn  (2) 


Figure  3.8.  Stabilization  Device  With  Flat  Mirror 
Having  Additional  Rotation  of  Axis  of  Mirror  and 
Photodetector 


KEY: 

1.  Mirror  2.  Photodetector 

Example  2.  Let  the  problem  considered  in  example  1  be  supplemented  by 
simultapeous  motion  of  the  photodetector  and  mirror  about  axis  OZ^  by 

angle  Oi  (Figure  3.8). 

As  before,  if  =0  and  ft2  =  45°,  then 


—  [^xn^f/n  (®2ii  “t  tt,)] 


Having  substituted  these  conditions  into  expressions  (1.70)  and  (1.71), 
we  find: 


“6.V  -  -  Wzn  +  “i:  0)6;/  =  0)j^„  +  262:  0)62  = 


Hence  follows  the  condition  of  stabilization  of  the  image: 


1 

«!  —  ^  Wyn* 

To  eliminate  blurring  of  the  image  due  to  rotation  of  the  object  at 

angular  velocity  w  ,  the  possibility  of  angular  misalignment  of  the 

xO 

photodetector  about  axis  Oz^  at  angular  velocity  must  be  created; 

«3  = 

Example  3.  This  case  (Figure  3.9)  corresponds  to  the  version  presented 
in  Figure  1.10  with  the  following  conditions:  a,  oiq. 
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We  find  from  expressions  (1.72)  and  (1.73): 


—  ^zii  2u2'  Wjy  —  o>y,i  -|-  2dj;  Wjj  —  w^tn  -J- 


Thus,  only  the  component  itfyjj  can  be  totally  compensated  provided  that 
1 

ffi  =  “2*'yjj!  compensation  of  components  and  is  possible  (as  in 
example  1)  only  if  one  of  them  is  equal  to  zero. 


On  the  other  hand,  if  (as  was  considered  above)  angular  displacements  of 

the  photodetector  about  axis  Oz^  at  angular  velocity  63  — --(o^eo— 1^20*,  is 

introduced,  the  condition  of  total  compensation  of  the  misalignment  of 

the  image  at  ff2  =  O.TOJn/  „  can  be  fulfilled. 

zn 


Figure  3.9.  Stabilization  Device  With  One  Flat 
Mirror  Mounted  in  Gimbal 


KEY: 

1.  Mirror  2.  Photodetector 

Compared  to  the  case  considered  in  example  2,  the  mirror  must  be  rotated 
by  angle  *2  with  somewhat  lower  relative  velocity  to  fulfill  the 
condition  of  compensation  in  the  version  under  consideration,  wiiich  may 
have  specific  advantages  in  design  of  a  stabilization  system. 

If  the  possibility  of  angular  misalignment  of  the  prfiotodetector  about 
axis  Oz^  at  angular  velocity  fl-a  can  be  guaranteed,  then  (1)62—  (i)*„-)- 
+  “2K2  —  a,. 
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Figure  3.10.  Stabilization  Device  With  Flat  Mirror 
Mounted  in  Gimbal  (Axis  Oz  Coincides  With  Plane  of  Mirror) 


KEY: 

1.  Mirror  2.  Photodetector 

.  _  1 

Let  us  assume  that  -  0 .  For  this ,  let  us  assume  that  “2 - 

Then  to  find  =  0,  the  following  should  be  guaranteed 


63  =  -}-  y 2  (tz  —  w,vii  Ozii* 


Thus,  three  drives  must  be  developed  for  total  stabilization  of  the 
image,  and  reduction  to  a  gjrro  sensor  with  transfer  factor  0.5  is 

required  along  axis  Oy^ ,  while  reduction  1/ with  the  axis  of 

sensitivity  of  the  gyro  sensor  located  along  axis  Oz^  is  required  along 

axis  Oz^ . 

Example  4.  In  this  case  (Figure  3.10)  for  tf]  =0  and  012  -  45*  according 
to  expression  (1.73),  we  find: 


"tx  ■ 


K2  . 

J^2  . 

2  ’ 

j  +  d 

'fo  ^  “rn  +  2«2- 
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Figure  3.11.  Stabilization  Device  With  Flat 
Mirror  in  Gimbal  Suspension  (Axis  y 
Coincides  With  Plane  of  Mirror) 


KEV; 

1.  Mirror  2.  Photodetector 

Hence,  we  have: 


<l) 


0 

^// 


dz 


1 

a  I  —  -  o)  ,yn. 


—  (Wrn  I' 

Thus,  reduction  is  required  only  along  axis  Oz  and  example  4  completely 
coincides  with  example  2. 

Example  5.  We  find  according  to  expressions  (1.74)  with  the 
jiiotodetector  mounted  on  a  base  for  fft  =0  and  tt2  =  45’  in  the  case 
presented  in  Figiire  3.11; 


=  Will  +  «i:  Wfi!/ -=  tDyil -I- Saj:  =  (Osil  +  «I  —  «3- 


Hence:  d,  o.,„;  dj 


1 

2  "'//n:  «3  =  Warn  - 
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Thus,  versions  1  and  5  are  equivalent  in  complexity  of  realization,  but 
version  1  can  be  used  both  for  stabilization  and  for  scanning  the  image. 

Example  6.  Let  us  now  consider  the  functional  diagram  of  example  2  in 
the  general  case,  i.e.,  when  angle  «i  is  arbitrary.  This  situation  is 
created  \dien  using  a  drive  with  respect  to  angle  ffi  to  develop  scanning 
displacements . 

Let  us  arrange  the  sensitive  axes  of  gyrosensors  along  axes  Oz^  and  Oy^ . 
We  then  find  from  the  output  of  ther  second  gyro  unit: 


o)p„  =  (0.^,1  sill  tti  +  <o„„-eos  a,, 

and  we  find  from  the  output  of  the  first  gyro  unit  Wp,  =  co^n  f- 

.  _  1  _ 

Let  there  be  provided  4?^.  =  0,  i.e.,  =  o,  t.  e.  a,  =  — wri “20;  - 

=  -^(w.^nsiiict,— (,)j,„cosa,).  during  operation  of  an  image  stabilization 

system. 

Having  substituted  these  equalities  into  expression  (1.70),  we  find 


=  -CD^„  4-  2«1  +  ‘■’vi.  '"I  +  “zn  Si"  “1  -I-  «i  Si"  ^1  +  2^2 «>s  a,  0; 

®fl2  =  +%,  Sinai ■ 

Thus,  the  photodetector  must  be  rotated  about  axis  Oz^  at  velocity 
«3  =  wwi  cos  a, -J  03,,„  sin  a,  total  compensation  of  the  image  misalignment. 

The  instruction  to  rotate  at  this  velocity  can  be  obtained  from  the  gyro 
sensor,  the  axis  of  vdiich  is  perpendicular  to  axes  Oz^^  and  Oy^  • 

Thus,  the  elements  of  the  optical  system  (photodetector  and  mirror)  must 
be  provided  with  a  total  three  degrees  of  freedom  and  must  have 
information  about  all  three  values  of  and  — the  current 

values  of  the  projections  of  the  angular  velocities  onto  axes  of 

an  inertial  coordinate  system — for  total  stabilization  of  the  image  on 
the  photodetector.  Total  compensation  of  the  misalignment  can  be 
guaranteed  only  in  the  stabilization  mode,  idiile  it  is  difficult  to 
achieve  total  ccanpensation  in  the  scanning  mode,  when  the  rotational 
angles  of  the  mirror  vany  over  a  wide  range. 
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stabilization  devices  with  mirrors  in  convergent  bundles  of  beams. 
Mounting  the  mirrors  in  front  of  the  object  was  suggested  in  all  the 
previous  versions,  and  rotation  of  them  permitted  stabilization  of  the 
optical  axis  in  the  space  of  the  objects.  Mounting  movable  mirrors  in 
the  rear  segment  results  in  compensation  of  the  effect  of  vibrations  of 
the  optical  device,  mounted  on  a  movable  base,  on  image  quality,  rather 
than  in  stabilization  of  the  optical  axis  of  the  device  in  the  space  of 
objects,  i.e.,  the  movable  mirrors  in  the  rear  segment  are  compensators 
of  the  motion  of  the  image.  The  motion  of  the  image  will  be  dependent 
on  the  distance  1  between  the  image  plane  of  the  objective  and  the 
rotational  axis  of  the  mirror  and  is  expressed  by  the  function 


where  is  the  angular  rotational  velocity  of  the  mirror. 

Since  the  image  in  the  focal  plane  for  point  on  the  axis  is  shifted  at 

velocity  v  =  f'a  upon  rotation  of  the  entire  instrument  for  angle  Of, 

H » n 

the  following  condition  must  be  fulfilled  to  eliminate  the  effect  of 

angular  displacements  of  the  optical  device  on  its  image  quality: 

v  -  V  =0,  It  follows  from  the  foregoing  that  the  rotational  axis 
H  •  n  H 

of  the  mirror  should  lag  behind  the  focal  plane  by  fV2  at  =  O'. 
However,  the  image  plane  is  rotated  by  the  same  angle  (with  is  not 
always  permissible)  and  the  appropriate  measures  to  eliminate  the 
defocusing  should  be  undertaken,  A  way  out  of  this  situation  may 
consist  in  using  angular  ang  corner  mirrors  of  different  designs. 

Angular  mirrors  are  characterized  by  the  following  features  [60]: 

an  angular  mirror  is  equivalent  in  its  action  to  a  flat  mirror,  the 
normal  of  which  is  the  bisector  of  a  two-sided  angle,  while  the  edge  of 
the  two-sided  angle  lies  on  the  plane  of  the  mirror; 

rotation  of  the  angular  mirror  about  the  axis  coinciding  with  the 
edge  of  the  two-sided  angle  does  not  cause  rotation  or  misalignment  of 
the  image,  but  causes  displacement  of  the  image  along  the  optical  axis 
by  a  value  proportional  to  the  square  of  the  rotational  angle,  and  this 
value  is  approximately  equal  to  lf?2>  where  1  is  the  distance  from  the 
edge  of  the  two-sided  mirror  to  the  image  plane; 

misalignment  of  the  angular  mirror  in  a  direction  perpendicular  to 
the  edge  of  the  mirror  causes  double  misalignment  of  the  image. 

Thus,  if  an  angular  mirror  is  rotated  with  respect  to  an  axis,  separated 
from  the  edge  of  the  angular  mirror  by  fV2,  the  motion  of  the  image, 
caused  by  angular  displacement  of  the  optical  device,  will  be  completely 
compensated  and  the  image  quality  due  to  defocusing  will  essentially  not 
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be  worsened.  If  one  assumes  that  the  optical  device  is  rotated  by  angle 
^  =  1**  during  the  delay,  the  defocusing  will  comprise  O.OlT^fVZ,  which 
corresponds  to  approximately  0.02  percent.  The  defocusing  will  be 
approximately  equal  to  0.02  mm  at  f"'  =  100  mm.  The  effect  of  this  value 
on  the  FPM  can  be  evaluated  by  the  following  function  [20]: 


TIN')  = 

2nAN'a'^  ’ 

where  A  is  the  amount  of  defocusing,  N'  is  the  working  spatial 
frequency,  and  ff' ^  is  the  aperture  angle  of  the  objective. 

We  have  T(N' )  C  1  at  N'  =50  lines/mm,  ^  =  0.1,  A  =  0.02,  and  1  = 

=  S-IO"*  mm,  i.e.,  defocusing  essentially  does  not  affect  image  quality. 

Let  us  consider  the  possible  circuit  solutions  of  these  systems. 

The  design  of  a  system  for  compensation  of  random  vibrations,  acting 
along  the  bank  and  pitch  axes,  using  angular  mirrors  arranged  so  that 
their  edges  in  projection  onto  the  image  plane  are  mutually 
perpendicular,  is  presented  in  Figure  3.12,  a.  (Footnote)  (U.S.  patent 
3,437,395)  Each  of  the  angular  mirrors  1  and  2  is  stabilized  inertially 
or  by  the  gyroscopic  method  in  space  with  respect  to  a  point  located  on 
an  axis,  perpendicular  to  the  edge  of  the  mirror,  at  a  distance  equal  to 
half  the  focal  distance;  as  a  result,  one  of  the  mirrors  stabilizes  the 
optical  axis  in  bank  and  the  other  stabilizes  it  in  pitch. 

A  somewhat  different  version  of  a  stabilization  device  is  possible, 
which  is  designed  to  compensate  for  the  effect  of  random  vibrations,  but 
the  angular  mirrors  are  arranged  so  that  their  edges  are  parallel  to 
each  other.  (Footnote)  (U.S.  patent  3,437,396)  The  mirrors  are  mounted 
on  frictionless  supports  and  are  stabilized  inertially  or  by  another 
method  with  respect  to  the  sighting  line.  Each  of  the  mirrors  has  two 
degrees  of  freedom  and  is  mounted  in  a  universal  suspension.  The 
mirrors  are  balanced  with  respect  to  the  points  of  the  support  and  are 
linked  to  each  other  so  that  the  unbalanced  centrifugal  forces  do  not 
induce  deviations  of  the  system,  i.e.,  the  system  is  completely 
balanced.  The  distance  between  the  vertices  of  the  mirrors  is  half  the 
focal  distance  of  the  objective.  The  edges  of  the  angular  mirrors 
should  lag  behind  the  rotational  axes  by  1/4  the  focal  distance  to 
achieve  total  compensation. 
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Figure  3.12.  Diagrams  of  Stabilization  Devices  With 
Mirrors  in  Ctonvergent  Btindles  of  Beams: 
a — with  two  angular  mirrors;  b — with  corner  mirror; 
c — ^with  three  flat  mirrors;  1 — objective;  2,  3 — 
angular  reflectors;  4 — detector;  5 — comer  mirror; 

6,  7,  8 — flat  mirrors 

The  most  common  and  universal  is  a  system  for  compensating  the  effect  of 
random  vibrations  using  a  comer  mirror  (UZ) — a  triple  mirror,  formed  by 
three  mutually  perpendicular  mirrors.  (Footnote)  (U.S.  patent 
3,467,595)  This  mirror  is  equivalent  to  an  angular  mirror,  but  unlike 
it,  rotation  of  the  corner  mirror  about  auiy  axes  passing  through  its 
vertex  does  not  cause  displacements  of  the  image.  Thus,  unlike  the 
previous  systems,  total  compensation  of  the  effect  of  random  vibrations 
is  provided  by  one  element.  The  schematic  solution  of  this  system  is 
shown  in  Figure  3.12,  b.  The  corner  mirror  is  arranged  between  the 
objective  and  its  focal  plane  and  causes  a  break  of  the  optical  axis  by 
180°  and  misalignment  of  it.  It  is  stabilized  by  gyroscopic  methods  in 
space  with  respect  to  some  reference  point  P,  rigidly  bound  to  the  body 
of  the  optical  device.  The  point  of  support  P  lies  on  a  line  parallel 
to  the  axis  of  the  objective,  passing  through  the  vertex  of  the  mirror, 
and  lags  behind  the  image  plane  by  a  distance  equal  to  half  the  focal 
distance.  The  same  as  angular  mirrors,  displacement  of  the  comer 
mirror  in  space  causes  displacement  of  the  image  by  twice  as  much. 

Since  the  corner  mirror  is  stabilized  with  respect  to  the  support  point, 
one  can  assume  that  the  body  of  the  device  is  rotated  by  the  same  angle 
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ip  with  respect  to  the  vertex  of  the  comer  mirror  upon  inclination  of  it 
by  angle  p  together  with  the  objective.  The  image  would  be  rotated  by 
f'p  if  the  triple  mirror  were  rigidly  attached  to  the  device,  but  since 
the  mirror  retains  a  fixed  position  in  space  with  respect  to  point  p,  it 
is  rotated  with  respect  to  the  image  plane  about  its  own  vertex  and  will 
be  misaligned  in  a  pleine  parallel  to  the  image  plane  by  a  value  equal  to 
double  the  product  of  the  distance  from  the  reference  point  to  the 
vertex  of  the  comer  mirror  by  the  rotational  angle  of  the  device,  i.e., 
the  misalignment  of  the  image  will  be  determined  by  the  relation  d  = 

=  21p.  But  since  1  =  0.5f',  S  =  f'p.  As  a  result,  the  two 
misalignments  of  the  image  compensate  each  other  and  the  image  in  the 
focal  plane  remains  stabilized  at  any  rotations  of  the  system  about  axes 
z  and  x.  As  in  the  previous  cases,  a  system  idiose  value  is  equal  to  fp^ 
will  be  defocused  upon  rotations  of  the  system.  Either  the  focal  plane 
is  displaced  or  a  planoparallei  plate  with  variable  thickness  is  used  in 
high-precision  sj'stems.  A  version  of  image  stabilization  using  three 
mirrors,  the  main  cross-sections  of  which  lie  in  the  same  plane,  is 
shown  in  Figure  3.12,  c. 

It  was  assumed  that  the  above  image  misalignment  mirror  components  are 
used  in  an  optical  device  that  records  an  image  by  using  some  detector. 
Situations  that  require  the  incoming  and  outgoing  beams  to  be  parallel 
may  arise  when  using  visual  systems.  Let  us  assume  that  the  device 
consists  of  the  following  main  components:  objective  1,  a  rotating 
system  2  and  eyepiece  3  (Figure  3.13,  a).  Let  the  device  be  rotated  in 
space  by  some  angle  0.  The  beams  emerging  from  an  infinitely  remote 
object,  Tdiich  weis  initially  located  on  the  optical  axis  of  the  device, 
are  then  collected  in  the  focal  plane  at  point  P.  If  the  image  of  an 
infinitely  remote  object  is  returned  from  point  P  to  point  a,  lying  on 
the  axis  of  the  optical  system,  using  a  random  vibration  compensator, 
the  beams  at  the  output  from  the  eyepiece  will  not  be  parallel  to  the 
incoming  beams.  Thus,  the  image  at  the  focal  plane  of  objective  1  must 
actually  be  shifted  to  some  point  A,  located  between  points  P  and  a. 

The  beams  emerging  from  the  eyepiece  will  be  parallel  to  the  incoming 
beams  if  the  condition  bB  =  f^v^*  wiiere  f  is  the  focal  distance  of  the 

eyepiece  (Figure  3.13,  a),  is  fulfilled.  Since  rotating  system  2 
transfers  the  image  with  magnification  of  -1  to  the  plane  of  the 
objective  1,  then  bB  =  -aA  and,  accordingly,  the  misalignment  in  the 
focal  plane  of  the  eyepiece  is  the  inverse  misalignment  of  the  focal 
plane  of  the  objective.  If  the  following  condition  is  fulfilled 


laA|  =  \bB\  =  |/oH0|, 


the  random  vibration  compensator  switches  the  image  from  point  P  to 
point  A  and  thus  compensates  the  effect  of  the  misalignment  of  the 
device  on  the  misalignment  of  the  image.  Based  on  these  arguments,  let 
us  determine  the  compensation  factor  k  ,  which  is  expressed  in  the  form 

of  the  ratio  of  values  of  the  required  compensation  of  image 
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misalignment  and  of  the  total  image  misalignment  in  the  focal  plane  of 
the  objective  1,  i.e., 


Since  Pa  =  f^^0  and  Aa  =  then  =  1  -  toK'^^o6* 


Figure  3.13.  Diagrams  of  Systems  for  Stabilization  of 
Parallel  Incoming  and  Outgoing  Beams  in  Visual  Systems: 
a — with  additional  compensator;  b — with  motion  of  rotating 
system;  1 — objective;  2 — rotating  system;  3 — eyepiece; 

4 — compensator;  5 — collecting  lens 

The  value  F  =  f  „/f^  is  the  magnification  of  the  device  and  then  the 
OK  00 

compensation  factor  is  equal  to  (1  -  l/F).  Hence,  it  follows  that  the 
compensation  factor  k  will  be  equal  to  ( 1  +  l/F)  or  that  the  length  of 

the  lever  on  Tdiich  an  angular  or  corner  mirror  should  be  located  should 
be  equal  to 


(3.28) 


for  a  telescopic  system  with  rotation. 

The  plus  sign  is  required  in  optical  systems  with  inverted  image,  wbile 
the  minus  sign  is  required  in  systems  with  direct  image. 
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A  rotating  system  itself  can  generally  be  used  for  an  image  field 
stabilization  system.  (Footnote)  (U.S.  patent  3,504,957)  The  question 
also  arises  about  which  point  the  rotating  system  can  rotate.  Carrying 
on  the  discussion  in  similar  feishion,  it  is  easy  to  reach  the  following 
conclusion:  if  the  system  is  rotated  by  angle  0  (Figure  3.13,  b) ,  the 
rotating  system  should  be  rotated  by  the  same  angle  with  respect  to 
point  P,  which  lags  behind  the  principal  plane  of  the  rotating  system  at 
distance 


/p  =  r 


+  ^2 


(3.29) 


vdiere  f'  is  the  focal  distance  of  the  object  and  T  is  the  magnification 
of  the  inversion  system. 

One  should  naturally  estimate  a  decrease  of  image  quality  due  to 
defocusing  of  the  entire  optical  system. 

Prism  stabilization  devices.  Reflecting  prisms  (provided  their 
manufacture  is  ideal)  are  equivalent  in  their  effect  on  the  bundle  of 
beams  to  a  combination  of  a  planoparallel  plate  with  one,  two  or  three 
mirrors.  Combinations  of  prism  elements  permit  one  to  develop  image 
field  stabilization  systems  which  are  similar  to  the  above  reflecting 
stabilization  systems.  For  example,  a  stabilization  system  based  on 
angular  mirrors  corresponds  to  one  using  two  rectangular  prisms  (a  Porro 
systan  of  first  kind),  widely  used  in  prismatic  binoculars. 

A  similar  system  with  BR-180*  prism,  which  has  become  widespread  |861, 
corresponds  to  a  stabilization  system  with  triple  mirror.  (Footnote) 
(French  patent  2,203,567,  British  patent  1,235,175,  U.S.  patent 
3,556,632,  and  U.S.  patent  3,473,861)  Specifically,  this  prism 
compensates  for  the  random  misalignments  of  the  image  in  the  binoculars 
by  using  gyroscopic  devices  (Figure  3.14).  (Footnote)  (Prospectus  of 
Intra-World  Sales  Corporation) 

The  stabilization  system  of  this  binocular  permits  one  to  track  targets 
at  angulair  velocity  up  to  5* /s  and  stabilization  by  bank  and  pitch 
angles  of  ±5"  and  to  observe  with  magnification  of  10^  and  20-'^. 

Stabilization  systens  with  the  use  of  the  well-known  diagram  of  the 
Hertz  panorama,  containing  a  rectangular  and  a  Dove  prism,  are 
considered  in  some  patents  (Figure  3.15).  (Footnote)  (U.S.  patent 
3,428,812,  FRG  patent  1,225,954)  The  rectangular  prism  is  mounted  with 
the  possibility  of  rotation  about  the  bank  and  pitch  axes.  It 
compensates  for  the  motion  of  the  image,  which  occurs  due  to  forward 
displacanent  of  the  carrier  and  due  to  pitch  stabilization  errors,  upon 
rotation  with  respect  to  the  pitch  axis.  The  prism  is  rotated  at 
angular  velocity  equal  to  half  the  sum  of  the  angular  velocities  of  the 
uniform  translational  motion  of  the  image  and  of  the  motion  of  the  image 
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caused  by  errors  in  pitch  axis.  The  errors  in  bank  axis  are  compensated 
by  rotation  of  this  prism  about  the  axis  at  angular  velocity  equal  to 
the  angular  motion  of  the  image,  caused  by  bank  errors.  The  Dove  prism, 
mounted  in  front  of  the  objective,  compensates  for  rotation  of  the 
image. 


Figure  3.14.  Optical  Layout  of  Binoculars: 

1 — objective;  2 — mirror;  3 — inversion  system; 

4 — stabilizing  prism;  5 — additional  objective; 

6 — splitting  prisms;  7 — eyepieces 

A  cube  prism  (or  a  double  Dove  prism)  is  equivalent  in  its  action  to  a 
flat  mirror,  but  does  not  change  the  direction  of  the  optical  beams. 

The  latter  i^ermits  one  to  arrange  a  stabilization  system  based  on  two 
series-connected  cube  prisms.  The  cube  prisms  are  movmted  so  that  their 
rotational  axes,  coinciding  with  the  reflecting  surface,  would  be 
mutually  perpendicular:  the  image  is  stabilized  in  bank  bj'  using  one 
prism  and  stabilized  in  pitch  by  using  the  second  prism. 

Because  of  errors  in  manufacture  of  the  prism,  it  becomes  equivalent  to 
a  combination  of  three  elements:  flat  mirrors,  a  planoparallel  plate 
and  a  wedge  with  small  refracting  angle. 

It  is  shown  in  [72]  that  prisms  with  wedge-like  scanning  cause  a  number 
of  defects  and  namely:  1 )  misalignment  of  the  image  of  the  axial  point 
of  the  object  with  respect  to  the  center  of  the  visual  field  and  also 
rotation  of  the  image,  2)  transverse  chromatism,  and  3)  aberration  of 
the  coma. 
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Figxire  3.15.  Layout  of  Camera  With 
Image  Stabilization: 

1 — rectangular  prism;  2 — objective; 

3 — Dove  prism;  4 — photographic  film 

The  indicated  aberrations  cause  additional  momentum  of  the  image  due  to 
rotation  of  a  weak  optical  wedge,  mounted  in  the  convergent  beams,  with 
respect  to  stabilization  systems,  and  namely: 

1)  upon  rotation  of  the  prism  about  the  axis  parallel  to  the  edge 
of  the  wedge  by  the  value: 


AV  =  /© 


—  1 


tg*t. 


where  1  is  the  distance  from  the  output  edge  of  the  prism  to  the  image 
plane; 

2)  upon  rotation  of  the  prism  about  an  axis  perpendicular  to  the 
edge  of  the  wedge  and  parallel  to  the  principal  cross-section  by  the 
value 


AV  =  /  (_0  2!^tgisini-2©(/i~  l)sin^-|-)- 


Compared  to  stabilization  systems,  developed  on  the  basis  of  mirror 
elements,  the  use  of  reflecting  prisms  permits  one  to  develop  optical 
devices  with  smaller  overall  dimensions,  but  these  systems  have  more 
sources  of  error*  Moreover,  advances  in  development  of  lightweight 
mirrors,  for  example,  mirrors  of  beryllium  or  graphite-epoxide  materials 
having  low  density,  essentially  permit  one  to  develop  stabilization 
systems  based  on  them  with  smaller  mass  than  prism  systems. 

3.3.  Composite  Stabilization  Devices 

Stabilization  devices  with  optical  wedge  and  flat  mirror.  The  operator 
matrix  of  a  stabilization  device,  consisting  of  an  optical  wedge  and 
flat  mirror,  can  be  represented  by  the  following  expression: 
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Let  us  limit  ourselves  to  consideration  of  paraxial  beams  (as  in  section 
3.1)  for  the  capabilities  of  the  joint  action  of  an  optical  wedge  and 
reflecting  surface,  eind  by  analogy  with  section  (3.1),  let  us  consider 
the  design  of  an  optical  wedge  compensator,  consisting  of  two  adjacent 
lenses,  and  one  of  the  surfaces  of  the  fixed  lens  has  a  reflective 
coating  (Figure  3.16).  The  optical  axis  of  the  device  does  not  coincide 
with  that  of  the  fixed  lens  of  the  optical  compensator  and  forms  some 
angle  with  it. 


Figure  3.16.  Optical  Wedge  Compensator: 

1 — movable  lens;  2 — fixed  lens;  3 — reflecting 
surface;  m ,  ns,  ns — refractive  indices  of 
corresponding  media;  Ri ,  Rs,  R3 — radii  of 
curvature  of  surfaces  of  lenses 

Using  the  same  notations  as  in  section  3.1,  we  find  the  angle  of 
deflection  of  the  beam  from  the  initial  position  in  the  form 


X 


1 _ I  /  ”1  _  I  ^  -1-  I  4_ 

3  RnRi  \  Ra'h  J 


Jl 

Rs 


JiL 


)e. 


(3.30) 
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We  find  in  the  special  case  at  ni  =  n2  =  n  and  ns  =  1,  Ri  =  R3  =  x  that 


X  =  2«0. 


(3.31) 


This  device  can  be  mounted  both  in  parallel  beams  and  in  convergent 
beams  in  the  rear  segment.  Realization  of  this  principle  in  a 
reflecting-lens  telescope  is  shown  in  some  patents.  (Footnote)  (U.S. 
jjatent  3,761,157,  U.S.  jjatent  3,761,158,  French  patent  2,203,567)  The 
layout  of  this  system  is  shown  in  Figure  3.17,  a.  A  flat  mirror,  which 
is  placed  in  a  closed  container  and  is  held  in  space  by  magnetic 
suspension,  is  provided  in  the  optical  system.  When  the  entire  device 
is  rotated,  the  mirror  is  rotated  by  an  angle,  different  from  the 
rotation  of  the  entire  device,  and  a  liquid  wedge  is  formed  between  the 
mirror  and  the  porthole  of  the  container.  It  is  obvious  that  the 
condition  of  stabilization  is  determined  by  the  expression 


2/I0L  =  cp/', 


(3.32) 


vAiere  n  is  the  refractive  index  of  the  liquid,  0  is  the  angle  of 
rotation  of  the  mirror,  f  is  the  angle  of  rotation  of  the  entire  device, 
L  is  the  distance  from  the  surface  of  the  mirror  to  the  focal  plane,  and 
f'  is  the  focal  dist8ince  of  the  objective. 

The  following  function  should  be  fulfilled  upon  fulfillment  of  the 
condition  of  parallelism  of  the  incoming  and  outgoing  beams: 


2/i0L  =  (|f  ( 1  ± -7-)  >  (3.33) 

where  (as  in  the  previous  systems)  the  "+"  sign  is  related  to  systems 
without  inversion,  while  the  sign  is  related  to  systems  with 
inversion. 

Stabilization  devicfes  with  telescopic  system  and  optical  wedge.  To 
determine  the  correlation  between  rotations  of  these  two  systems  and  the 
condition  of  image  stabilization,  let  us  assume  that  the  afocal  system 
is  placed  in  a  container,  the  inlet  and  outlet  portholes  of  which  are 
planoparallel  plates  (Figure  3.17,  b).  Let  us  consider  different 
versions  of  the  mutual  motion  of  an  ofocal  system  and  a  container  with  a 
liquid.  Let  us  also  assume  that  the  entire  container  is  rotated  about 
some  point,  lying  on  the  optical  axis,  by  some  angle,  idiile  the  afocal 
system  retains  its  position  in  space,  i.e.,  an  optical  wedge  with  angle 
equal  to  0  at  the  vertex  was  formed  between  the  porthold  and  the  primary 
surface  of  the  afocal  system  (Figure  3.17,  c).  A  parallel  light  beam, 
after  refraction  in  this  wedge,  will  arrive  at  the  input  of  the  afocal 
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system  at  angle  0  -  (0/n).  Upon  magnification  of  the  afocal  system  F, 
the  beams  emerging  from  it  are  deflected  by  angle  FlH  ~  8/n)  with 
respect  to  the  initial  position. 


Figure  3.17.  Layouts  of  Composite  Stabilization  Devices: 
a — flat  mirror  and  optical  wedge;  b,  c,  d — liquid  optical 
wedge  and  telescopic  system;  e — optical  edge  formed  by 
lenses  and  telescopic  system;  1 — objective;  2 — container 
and  liquid;  3 — movable  mirror;  4 — secondary  flat  mirror; 

5 — angular  mirror;  6 — image  plane;  7 — afocal  adapter; 

8,  11 — fixed  lenses;  9,  10 — movable  lenses 

Hence,  it  follows  that  the  condition  of  stabilization  of  a  bundle  of 
beams  with  res]3ect  to  the  following  system  assumes  the  form: 


0  r  (0  —  0//O  0, 

i  .e.  , 
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(r  —  1)  (n  —  I)  1, 


(3.35) 


The  afocal  system  F  =  4  must  be  increased  in  this  regard  at  refractive 
index  of  the  liquid  of  n  =  1.33. 

Let  us  consider  another  case  when  the  container  and  afocal  system  are 
rotated  by  angle  0  about  axis  x  (Figure  3.17,  d) .  The  beam  to  the 
telescopic  system  then  enters  at  angle  0/n.  If  we  rotate  the  telescopic 
system  by  angle  in  the  opposite  direction  to  stabilize  the  beam,  the 
bundle  of  beams  will  enter  the  afocal  system  at  angle  ( ip  -  9/n)  and  will 
comprise  F ( ^  -  0/n )  at  the  output . 

The  condition  of  stabilization  will  sissume  the  form 


fp  —  r  (fp  —  0//t)  =  0. 


(3.36) 


An  optical  system  with  magnification  F  =  2  is  required  at  0/^7  =  1.5  and 
n  =  1.33,  i.e.,  a  system  one-half  as  large  as  in  the  previous  case. 


By  analogy  with  the  foregoing,  formula  (3.36)  for  visual  systems  assumes 
the  form 


T  (F  —  I)  =  e  {F/n)  (1  ±  l/r^). 


(3.37) 


Here  F  is  the  magnification  of  the  telescopic  accessory,  Ff  is  the  total 
magnification  of  the  system,  and  Ff  =  FF  ,  where  F  is  the 

magnification  of  the  eyepiece. 

Similar  combinations  are  also  possible  using  optical  glass  wedges.  The 
use  of  wedge  syst^is  having  different  refractive  indices  is  possible. 

One  of  the  possible  designs  is  presented  as  an  example  in  Figure  3.17, 
e.  The  system  contains  three  elements:  two  optical  compensators, 
formed  by  spherical  lenses  with  single  center  of  curvature,  and  a 
telescopic  system,  which  is  located  between  the  optical  wedges.  Lenses 
8  and  11  are  fixed,  while  the  module  containing  lenses  9  and  10  and 
telescopic  system  7  can  be  rotated  in  two  planes  about  a  point, 
coinciding  with  the  center  of  curvature  of  the  lenses  of  the  optical 
wedges. 

The  condition  of  compensation  will  assume  the  form 


Oh  -  \)r~(n,-  1)  -  1, 


(3.38) 
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i-jhere  nt  and  no  are  the  refractive  indices  of  the  marks  of  glass  from 
which  the  first  and  second  pair  of  lenses  of  the  optical  wedge 
compensators  are  made. 


Expression  (3.35)  is  valid  at  ni  =  n2 .  And,  for  example,  an  identical 
effect  with  variant  corresponding  to  Figure  3.17,  e,  can  be  au^hieved  at 
refractive  index  of  ni  =2  and  n^  =  1.5  using  a  telescopic  system  having 
magnification  of  only  1.5-''. 

We  note  that  the  condition  of  total  stabilization  when  using  only  the 
first  pair  of  the  wedge  compensator  alone  is  expressed  by  the  relation 


(n  _  ])  r  ^  1. 


(3.39) 


With  serial  combination  of  two  telescopic  systems,  between  which  the 
wedge  compensator  is  located,  the  condition  of  stabilization  assumes  the 
form 


r,{n-r,)  =  1. 


where  T\  and  To  are  the  magnifications  of  the  first  and  second 
telescopic  system,  res]pectively ,  and  n  is  the  refractive  index  of  the 
wedge  glass. 


Figure  3.18.  Layout  of  Brewster-Amichi  Prism: 

A)  and  A3 — angles  at  vertex  of  prisms; 

A2 — total  angle 

Stabilization  devices  with  telescopic  system  and  flat  mirror.  It  was 
shown  above  that  the  output  beam  will  be  deflected  by  a  value  determined 
by  the  function  BF  upon  rotation  of  a  telescopic  system  BF  upon  rotation 
of  a  telescopic  system  with  magnification  F.  On  the  other  hand,  a  flat 


mirror  causes  corresponding  rotation  of  the  incident  beam  by  an  angle 
equal  to  20  upon  rotation  about  axis  x  and  z*  Thus,  if  an  afocal  system 
with  magnification  F  =  2-^  is  placed  in  front  of  a  mirror,  a 
stabilization  system  can  be  designed  without  resorting  to  a  reducer.  If 
the  mirror  is  placed  in  a  medium  with  refractive  index  n,  it  follows 
from  the  foregoing  that  the  required  magnification  of  the  afocal 
attachment  is  selected  from  the  expression  F  =  2n9/^,  vdiere  0  is  the 
rotational  angle  of  the  mirror  and  ip  is  the  rotational  angle  of  the 
system.  The  mirror  should  naturally  be  rotated  in  the  direction 
opposite  the  rotation  of  the  system.  Rotation  of  the  entire  system 
about  the  optical  axis  is  compensated  by  rotation  of  the  mirror  about 
the  same  optical  axis,  but  the  image  is  rotated  by  the  same  angle. 
Rotation  of  the  mirror  and  rotation  of  the  entire  system  are  correlated 
to  each  by  the  ratio  1:1.  Rotation  of  the  image  can  be  eliminated  by 
introducing  a  Dove  or  Pechan  prism  into  the  optical  layout.  Thus, 
anamorphotic  telescopic  systems,  which  would  have  magnification  2^  in 
one  direction  and  -1*^  in  the  perpendicular  direction,  are  required  for 
direct  reducerless  stabilization;  the  mirror  can  than  be  mounted 
directly  on  the  gyroscope  rotor.  Anamorphote  systems  either  using 
cylindrical  lenses  or  Brewster-Amici  prisms  can  be  used  for  these 
purposes  (Figure  3.18). 

The  latter  system  is  the  more  technologically  effective  in  manufacture 
and  can  be  achieved  in  the  following  manner:  the  first  prism  with  angle 
at  vertex  Ai  =  33**,  second  prism  with  angle  at  vertex  A3  =  28**  48'.  The 
edges  of  the  prism  are  parallel  and  the  angle  between  the  input  surface 
of  the  first  prism  and  of  the  first  and  output  surfaces  of  the  second 
prism  is  equal  to  A2  =  53**  . 

The  dimensions  of  the  prisms  are  determined  by  the  dimensions  and 
position  of  the  pupil  and  visual  field  of  the  optical  system. 

Table  3.1 
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The  results  of  calculation  for  a  real  system  are  presented  in  Table  3.1 
[86],  in  which  0^^^  and  are  the  angles  of  incidence  and  deflection 

on  the  input  and  output  edges  of  the  prism,  m^  is  anamorphotic  factor, 
and  0'  and  0'  are  the  angles  of  deflection  for  spectral  lines  C  and  F 

U  r 

of  the  prism. 
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It  follows  from  the  data  presented  in  Table  3.1  that  the  chromatic 
aberration  is  completely  corrected  within  a  visual  field  of 
approximately  12“  and  the  anamorphotic  factor  essentially  remains 
constant . 

Measurement  results,  which  were  made  on  a  series  of  anamorphotes  of  the 
Lux  Color  Company,  manufactured  from  cylindrical  lenses  and  used  for 
movie  projection,  are  presented  in  [861.  These  measurements  yielded  the 
following  results: 


0. 

+2“ 

±4° 

±6'' 


OTK 

0 

±3^986 
±8°, 014 
±I2M4 


Comparinj?  the  above  data,  one  can  state  that  anamorphotic  systems, 
designed  on  the  basis  of  optical  wedges,  are  quite  suitable  for  mounting 
in  optical  devices  to  stabilize  the  image  field. 

3.4.  Stabilization  Devices  With  Fiber  Optic  Elements  (VOE) 

Image  motion  compensation  devices,  designed  on  the  basis  of  fiber  optic 
elements  (VOE),  unlike  the  above  compensation  devices  based  on  the  use 
of  traditional  optical  elements,  act  on  the  integral  bundle  of  beams  and 
guarantee  the  effect  of  the  motion  of  the  image  due  to  spatial 
displacement  of  the  fiber  light  guides,  each  of  which  carries 
information  about  one  element  of  the  image.  These  devices  are  generally 
a  single  fiber  optic  element  or  several  combined  fiber  optic  elements 
(i.e.,  a  stack),  mounted  in  the  image  plane  and  having  the  capability  of 
spatial  displacement  either  with  respect  to  each  other  or  with  respect 
to  the  focal  plane  of  the  objective. 

A  considerable  number  of  layouts  of  these  devices  have  now  been 
developed,  distinguished  by  the  shape  of  the  fiber  optic,  by  their 
number,  and  by  the  direction  of  placement  of  the  fibers.  (Footnote) 
(U.S.  patent  3,651,325,  British  patent  1,493,339,  British  patent 
1,483,878,  USSR  inventor’s  certificate  853,599,  USSR  inventor’s 
certificate  623,976,  USSR  inventor’s  certificate  731,412,  USSR 
inventor’s  certificate  769,479,  and  USSR  inventor’s  certificate  890,352) 
These  designs  of  fiber  optic  compensators  should  correspond  in  the 
entire  variety  to  some  general  requirements. 

First,  the  input  surface  of  the  fiber  optic  element  or  stack  should 
coincide  \^dth  the  image  plane  of  the  objective;  second,  the  output 
surface  should  contact  or  be  optically  connected  to  the  image  detector. 
Third,  the  combined  surfaces  of  the  moving  elements  of  the  compensation 
system  should  provide  at  least  one  degree  of  freedom  to  them  to 
guarantee  spatial  displacement.  Fourth,  contact  between  all  the  fiber 
optic  elements  must  be  maintained  or  the  space  between  them  of  not  more 
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than  six-seven  diameters  of  a  single  fiber  must  be  provided.  Flat, 
cylindrical  surfaces  and  also  surfaces  of  revolution  correspond  to  the 
last  condition.  The  main  types  of  combination  surfaces,  by  which  the 
separate  fiber  optic  elements  of  the  system  can  be  limited  and  also  the 
number  of  degrees  of  freedom  and  nature  of  the  possible  displacements  of 
the  fiber  optic  element  can  be  provided,  are  presented  in  Table  3.2. 
this  table  also  gives  an  idea  of  the  number  of  possible  variants  of  the 
system. 


Table  3.2 

Number  of 
degrees  of 

freedom  Nature  of  displacements 

1  Forward 

1  Rotational 

2  Forward — 1 ; 
rotational — 1 

3  Rotational — 3 

3  Forward — 2 ; 

rotational — 1 

Table  3.2  permits  one  to  design  fiber  optic  elements,  suitable  for  image 
stabilization.  The  main  versions  of  the  stabilization  devices  are 
considered  below. 

Stabilization  devices  with  two  combined  fiber  optic  lenses.  A 
compensation  device  using  a  fiber  optic  element,  which  consists  of  two 
combined  lenses,  is  shown  in  Figure  3.19,  a.  The  compensator  contains 
an  objective  1,  in  the  focal  plane  of  which  a  stack  of  two  fiber  optic 
elements  that  form  a  planoparallel  plate  in  combination  is  mounted.  The 
fiber  optic  elements  are  lenses:  planoconvex  2  and  planoconcave  3,  the 
single  light  guides  of  which  are  parallel  to  the  optical  axis  of  the 
objective  in  the  neutral  p)osition.  An  image  protector,  for  example, 
photographic  film,  is  combined  with  the  output  surface  of  the  fiber 
optic  element  3;  the  fiber  optic  element  2  and  objective  1  are  rigidly 
connected  to  each  otiier  into  a  single  module  having  the  capability  of 
being  rotated  about  an  axis  perpendicular  to  the  optical  axis  of  the 
objective  and  passing  through  the  center  of  curvature  0  of  the  combined 
surfaces  of  parts  2  and  3.  The  image  is  displaced  along  the  output 
surface  when  module  1  is  rotated  about  this  axis. 


Type  of  ccmibination  of  surfaces 

Noncircular  cylinder 
Aspherical  surface  of  revolution 
Circular  cylinder 

Sphere 

Plane 
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Fi^re  3.19.  Stabilization  Devices  With  Two  Combined 
Fiber  Optic  Lenses: 

a — with  movable  planoconvex  lens  and  objective; 
b — with  movable  planoconvex  lens;  c — wdth  movable 
planoconcave  lens;  1 — objective;  2,  3 — fiber  optic 
lenses;  I,  II,  III — surfaces  of  combined  lenses 

Based  on  the  method  of  determining  the  motion  of  the  image,  outlined  in 
Chapter  1,  it  is  easy  to  show  with  respect  to  comi:)ensation  devices  in 
which  fiber  optic  elements  are  used  that  the  motion  of  the  image  is 
determined  with  sufficient  degree  of  accuracy  by  the  following 
expression: 


(3.40) 
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where  p  =  is  the  angle  of  rotation  of  the  module  during  recording,  j; 
is  the  angular  velocity  of  rotation  of  the  module,  t  is  the  exposure 
time,  2y'  is  the  angle  of  the  visual  field  of  the  objective,  Xg  and  Zg 
are  the  coordinates  of  the  rear  nodal  point  of  the  objective  with 
respect  to  the  rotational  axis,  f'  is  the  focal  distance  of  the 
objective  to  be  used,  and  A  is  the  thickness  of  the  fiber  optic  2  along 
the  optical  axis. 

The  distribution  of  the  compensation  rate  v«7ith  respect  to  the  field  will 
be  different  as  a  function  of  parameters  Xg ,  Zg ,  and  A. 

Let  us  consider  the  different  versions  of  the  position  of  the  rear  nodal 
point  with  respect  to  the  rotational  axis  of  the  module. 

First  case.  Let  x  =  0  and  Zg  ^  0,  i.e.,  the  rotational  axis  passes 
through  the  optical  axis  of  the  objective.  The  motion  of  the  image  will 
vary  by  field  symmetrically  with  respect  to  the  center  of  the  field  and 
these  changes  will  approach  zero  at  y'  0.  Specifically,  the  variation 
of  the  motion  of  the  image  with  respect  to  the  field  will  be  similar  to 
variation  of  the  motion  of  the  image  in  the  case  of  using  a  two-wedge 
compensator,  mounted  in  front  of  the  objective  and  rotated  in  different 
directions  at  identical  velocities,  at  parameters  A/f'  =0.2,  Zg/f'  = 

=  1.5,  p  =  0.01  and  2y'  =  40“  (Table  3.3). 

Table  3.3 
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KEY: 

1.  Type  of  compensator  3.  Fiber  optic 

2 .  Value  of  uncompensated  4 .  Optical  wedge 
velocity,  percent  at  angle 

of  visual  f ield  y' ,  * 

Second  case.  Let  Xg  ^  0  and  Zg  ^  0,  i.e.,  the  rotational  axis  of  the 
module  is  shifted  with  respect  to  the  optical  axis.  It  is  then  easy  to 
guarantee  monotonic  variation  of  the  motion  of  the  image  at 
corresponding  parameters  of  Xg ,  Zg  and  A.  To  do  this,  the  following 
condition  must  be  fulfilled: 
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It  is  knoim  that  monotonic  variation  of  the  motion  of  the  image  from  one 
ecige  of  the  photograph  to  another  occurs  during  forward  frame 
prospective  photography.  Image  velocity  compensators  (KSI),  known  up  to 
the  present,  do  not  provide  the  required  degree  of  ccmpensation  and, 
therefore,  the  effect  of  the  motion  of  the  image  is  achieved  in 
equipment  of  this  class  only  by  using  short  delays.  Data  on  the  degree 
of  compensation  of  image  motion  in  equipment  of  this  class,  provided 
there  is  total  compensation  for  the  middle  layout,  are  presented  in 
Table  3.4  for  illustration.  If  a  fiber  ciompensator ,  for  example,  with 
parameters  Xs/f'  =  1.0,  Zs/f  =  0.7,  and  A/f  =  0.2,  is  used,  the  degree 
of  compensation  is  increased  sharply  (Table  3.4).  The  calculation  was 
made  for  angle  of  inclination  of  the  equipnent  ft  =  50*  and  for  total 
angle  of  the  visual  field  of  the  apparatus  of  2<ii'  =  40° . 

Table  3.4 
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KEi^: 

1 .  Type  of  compensator 

2.  Value  of  uncompensated  velocity,  percent,  at  angle  between 
nadir  and  direction  of  sighting  (ft  ± 

3 .  Fiber  optic 

4 .  Optical  wecige 

Third  case.  Let  Xs  =  0  and  Zs  -  -A,  then  formula  (3.40)  will  assume  the 
form 
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1  H-  tg^  oj' 

1  —  tg  (o'lp 


—  »/q)  tg’^o)'. 


(3.41) 


It  follows  from  this  formula  that  the  motion  of  the  image  at  any 
inclinations  of  the  .module  is  equal  to  zero  in  the  center  of  their 
frame.  The  image  whose  velocity  has  quadratic  dependence  on  angle 
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moves  at  points  that  do  not  coincide  with  the  center  of  the 
frame.  Specifically,  this  value  comprises  only  3  percent  for  26,''  =  20“  . 

The  given  variant  corresponds  to  the  greatest  degree  to  the  operating 
conditions  of  a  stabilization  system  and  only  the  fiber  optic  part  3  and 
the  image  detector  combined  with  it  are  stabilized. 

A  version  of  a  fiber  optic  ccsnpensator ,  in  which  lens  3  is  displaced 
jointly  with  the  image  detector,  is  presented  in  Figure  3.19,  b.  The 
radius  of  curvature  of  the  lens  can  be  arbitrary.  The  nature  and  value 
of  the  resulting  motions  of  the  image  will  differ  from  that  considered 
above . 

It  follows  from  Figure  3.19,  b  that  the  motion  of  the  image  upon 
rotation  of  lens  3  at  angular  velocity  ip  is  determined  from  the  equation 


Sill  ot 


II 


*111 


(3.42) 


where  R  is  the  radius  of  the  curvature  of  the  combined  parts,  is  the 
angle  between!  he  surface  II  and  the  direction  of  the  fibers,  and  ®jjj 
is  the  angle  between  surface  III  and  the  direction  of  the  fibers. 

It  follows  from  the  figure  that  sin  =  sin(90'’  -  /() ,  where  ^  is  the 

angle  between  the  optical  axis  Oz  and  the  radius  that  joins  point  Ao  and 
O;  sin  ®jjj  =  sin  90  =1,  i.e.. 


i'.i3  =  ~^R  cos  p. 


(3.43) 


It  is  more  convenient  for  practical  purposes  to  turn  to  the  rate  of 
ccMnpensation  8ls  functions  of  coordinates  x  of  the  depicted  point  on 
surface  I,  coinciding  with  the  image  plane  of  the  objective.  It  follows 
from  Figure  3.19,  b  that  sin  /(  =  x/R.  Formula  (3.43)  then  assumes  the 
form; 


-cp  / 


(3.44) 


A  similar  effect  is  achieved  in  the  case  of  designing  a  system  when  a 
fiber  optic  lens  3  has  a  radius  of  curvature  of  opposite  sign  (Figure 
3.19,  c).  It  is  easy  to  show  that  the  function  that  determines  the 
motion  of  the  image  coincides  with  function  (3.44). 
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Thus,  the  sequence  of  arranjgement  in  a  system  of  convex  and  concave 
fiber  elements  has  no  effect  on  the  value  of  the  compensation  rate.  All 
the  above  mathematical  calculations  were  made  on  the  condition  that  the 
directions  of  the  fibers  of  both  elements  were  parallel  at  the  moment  of 
exposure,  i.e.,  the  recording  (exposure)  time  was  infinitely  small.  The 
exposure  in  real  systems  occurs  within  a  specific  time  segment  t.  The 
rotating  element  of  the  system  is  rotated  during  this  time  by  some  angle 
and  the  directions  of  the  light  guides  of  both  elements  cease  to  be 
parallel,  which  results  in  variation  of  the  motion  and,  accordingly,  in 
the  residual  shifts  of  the  image.  The  residual  shift  Av  for  the 
considered  design  systems  is  determined  by  the  following  expression: 


Av  —  R  (q)/  cos  (ot  -  I  1  ---  sin  (o/). 


(3.45) 


Stabilization  devices  with  three  combined  fiber  optic  lenses.  The  stack 
consists  of  three  elements,  which  in  combination  form  a  planoparallel 
plate  (Figure  3.20).  The  central  element  2  is  made  in  the  form  of  a 
sphere  with  radius  R,  while  elements  1  and  3  are  planoconcave  lenses  of 
the  same  radius,  i.e.,  all  the  surfaces  have  a  center  of  curvature  that 
passes  through  point  O. 


Figure  3.20.  Stabilization  Device  With 
Three  Combined  Fiber  Optic  Lenses: 

1,  2,  3 — fiber  optic  lenses 

l«t  us  consider  the  variation  of  motion  of  the  image  upon  rotation  of 

the  spherical  fiber  element  2.  It  is  obvious  that  the  value  of  the 

image  shift  A  will  be  different  for  different  points  on  the  output 

c 

surface  of  lens  3  upon  rotation  of  spherical  lens  2  by  angle  it  is 
determined  by  the  expression: 
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Af.  d„  sin  ((', 


(3.47) 


where  d  is  the  length  of  the  fiber  of  the  spherical  lens  2,  combined 
with  the  given  point  of  the  image. 

Let  us  take  arbitrary  point  A  with  coordinate  x.  Its  image  A'  on  the 
input  surface  of  rotary  lens  2  lies  at  angle  S  toward  axis  Oz,  and: 


sin  P  — 


X  . 

T’ 


COS(('  — 


(3.48) 


Point  B'  on  the  input  surface  of  lens  2,  lying  on  arc  j?  +  /^,  will  be 
combined  with  the  image  after  rotation  of  lens  2  by  angle  p  (clockwise), 
the  coordinate  of  this  point  along  axis  Ox  is  equal  to 


.v„  R  sin  (<r  -f  P), 


(3.49) 


and  the  length  of  the  light  diode  at  this  point  is 


dy,  =  2R  cos  ((p  +  P). 


(3.50) 


Function  (3.50)  with  regard  to  formulas  (3.48)  will  assume  the  form 

_  2{V  R^  —  cos q)  —  X sin cp) ,  (3.51) 

tdiile  the  amount  of  shift  of  the  image  is 

Sin  ,p  =  2  sin  (p  cos  rp  -  x  sin  cp) ,  (3.52) 

or 

Ac  =  cp  —  2xsia^<f'. 

It  follows  from  this  formula  that  the  maximum  shift  of  the  image  will 
occur  near  a  point  with  coordinate  x  =  -R  sin  and  it  is  equal  in  value 

to  Ac  ,n:,x  =  2R  sin  (f). 
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The  extent  of  the  shift  decreases  as  the  distance  from  this  point 
increases,  since  the  length  of  the  light  guides  decreases.  For  example, 
the  shift  for  a  point  on  the  axis  is  equal  to 


Ac  ==  2R  sill  <p  cos  (f  ^  R  sin  2<f. 


Accordingly,  the  image  is  not  only  shifted  on  the  output  surface  of  the 
stack,  but  there  is  some  transformation  of  the  image  upon  rotation  of  a 
movable  fiber  optic  element.  Thus,  the  left  side  of  the  image  is 
extended  somewhat,  while  the  right  side  is  contracted  with  respect  to 
Figure  3.20.  The  entire  image  is  shortened,  since  its  outermost  right 
point  is  displaced  by  a  lesser  value  than  the  left  point.  However,  the 
distortion  is  insignificant  at  small  values  of  the  angle  of  rotation 
and  can  be  estimated  by  using  the  above  expressions. 

Let  us  consider  the  nature  of  variation  of  the  motions  of  the  image  of 
points  lying  on  axis  Ox  (y  ^  0).  Let  us  split  the  spherical  lens  with 
plane  i>arallel  to  plane  xOz  at  distance  y  from  the  origin.  We  find  in 
the  cross-section  a  circle  of  radius 


R'  =  /R^  -  if. 


(3.53) 


Having  substituted  the  value  R'  into  formulas  ( 3 . 51)-( 3. 53) ,  we  find: 


do  —  2  y  R'^  —  --  f  cos  (p  —  .V  sill  cp; 


(3.54) 


Ac  =  2  sin  (p  (»,•'  R^  —  ,y®  —  y'^  cos  (p  —  .v  sin  ip). 


or 


Ac  =  V  R^  *-  -v**  —  sin  2fp  —  2x  sin’'  tp. 


(3.55) 


{ 3 . 55a) 


Functions  (3.54),  (3.55)  and  (3.55a)  permit  one  to  determine  the  shifts 
of  the  image  for  any  point  on  the  input  surface  of  lens  2.  These 
formulas  state  that  the  shift  decreases  as  the  distance  from  the  center 
increases . 

A  sample  pattern  of  geometric  distortions,  introduced  by  a  fiber  system 
of  given  type,  is  shoi^m  in  Figure  3.21. 
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Figure  3.21.  Pattern  of  Geometric 
Distortions  Introduced  by  Rotation  of 
Fiber  Optic  Element: 

1 — configuration  of  initial  image; 

2 — configuration  of  image  upon  rotation 
of  fiber  optic  element 

It  also  follows  frcan  expression  {3.55a)  that  the  motion  of  the  image 
will  depend  on  the  coordinates  of  the  point  and  on  the  angle  of 
rotation ,  i . e . , 


^H3  — 

=  2(p  (cos*  (p  — if — ■’fsin  2(p)- 


(3.56) 


The  shift  of  the  image  in  its  absolute  value  is  rather  small  during 
exposure  of  the  frame,  and  the  compensation  rotation  will^also  be  small. 
Thus,  the  angle  of  rotation  will  comprise  approximately  3  at  the 
required  compensation  shift  of  0.5  mm  and  at  diameter  of  the  spherical 
lens  of  10  mm. 

One  can  assume  that  the  length  of  the  fiber,  combined  Vvith  a  given  point 
of  the  image,  remains  constant  during  the  delay  time.  The  shift  of  the 
image  for  this  point  will  then  be  determined  only  by  the  angle  of 

rotation  of  spherical  lens  2,  i.e.,  by  =  dj,  sin  <p  dnT>  tdiile  the 

motion  of  the  image  will  be  proportional  to  the  thickness  of  the  movable 

lens  at  a  given  point  =  Ae  =  cpd„. 

This  thickness  is  easy  to  determine  as  the  difference  of  coordinates  zo 
and  zi  of  points  lying  on  the  surfaces  of  an  inverted  lens  at  the  point 
of  intersection  with  the  straight  line,  peissing  through  a  given  point  of 
the  image  parallel  to  axis  Oz,  i.e., 


d„  —  2  ~  x*  —  y^. 


(3.57) 


Using  this  formula,  one  can  easily  determine  the  value  for  any  point 

of  the  field  and  also  the  relative  error  of  the  rate  of  compensation  on 
the  edge  of  the  field  compared  to  the  central  point. 

Example.  Let  R  =  35  mm  and  let  the  frame  be  20  x  20  mm.  We  then  have 
for  the  most  distant  point  with  coordinates  x  =  ±10,  y  =  ±10  from 
formula  (3.57): 


Bp 

^no  ~  2  •  35 


=  2  1^352  -  10^  -  10"  =  64  mm; 

70  MM  —  thickness  along  axis  Oy; 


6  = 


Kp 


=  5,7%. 


*B.  Kp 


The  motion  of  the  image  on  the  edge  of  the  visual  field  is  5.7  percent 
less  than  that  in  the  center. 

If  the  condition  of  automatic  stabilization  is  given,  it  follows  from 
formula  (3.57)  that  the  condition  /'Tnn-  should  be  fulfilled. 

If  the  angular  rates  are  equal,  the  focal  distance  of  the  objective 
should  be  equal  to  the  diameter  of  spherical  fiber  lens,  which  limits 
very  considerably  the  range  of  application  of  this  device.  A  mechanism 

with  transfer  factor  k  >  1  is  preferable,  then  where  = 

=  k^. 

For  example,  a  spherical  lens  with  one-half  the  diameter  of  the  focal 
distance  of  the  objective  is  required  at  k  =  2. 

Stabilization  devices  with  planoparallel  fiber  optic  elements.  It  was 
shown  above  that  fiber  optic  elements,  which  are  a  planoparallel  plate 
in  which  the  individual  light  guides  form  an  angle  wdth  the  input  and 
output  surfaces  differing  from  90“  upon  rotation  about  the  axis 
perp>endicular  to  them,  causes  motion  of  the  image  in  a  circle;  the  image 
itself  remains  parallel  to  itself,  i.e.,  the  fiber  optic  element 
coincides  in  its  effect  to  the  single  rotary  optical  wedge. 

The  combination  of  two  similar  fiber  optic  elements,  rotating  in 
different  directions  at  identical  angular  rates  leads  to  motion  of 
the  image  at  a  rate  whose  amplitude  is  generally  determined  by  the 
following  expression: 


4*  rl  +  2/'ir2  cos  (o/, 


(3.58) 
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while  Ai  =  di/tgaj;  -  djigao,  where  di  and  d2  are  the  thicknesses  of 

the  corresponding  fiber  optic  elements  and  ffi  and  a-^  are  the  angles  of 
inclination  of  the  light  guides  in  the  corresponding  fiber  optic 
elements.  The  angle  of  rotation  of  the  velocity  vector  with  respect  to 
zero  position  e  is  determined  by  the  expression 


(3.59) 


It  follows  from  expression  (3.58)  that  the  motion  of  the  image  will 
retain  its  direction  at  di  =  d2  and  ri  =  r2  and  it  will  vary  by  harmonic 

law-,  i.e. ,  =  2(or  cos  lot. 


Figure  3.22.  Layout  of  Stabilization  Device 
With  Planoparallel  Fiber  Optic  Elements: 

1,  2,  3,  4 — planoparallel  fiber  optic  element; 

5 — drive  for  mutual  rotation  of  elements  3  and 
4;  6 — drive  for  mutual  rotation  of  elements  1 
and  2;  7 — drive  of  stabilization  system 

A  variant  of  a  combination  of  flat  fiber  optic  elements  is  presented  in 
Figure  3.22,  which  can  be  used  as  an  actuating  element  in  an  image  field 
stabilization  system.  The  stack  of  fiber  optic  elements  consists  of 
four  plates,  which  are  combined  in  pairs  such  that  there  is  no 
misalignment  of  the  image  Vvith  resp)ect  to  the  optical  axis.  Moreover, 
the  plates  of  each  pair  have  the  capability  of  being  rotated  with 
respect  to  each  other.  Each  of  the  pairs  causes  no  additional 
displacements  whatever  upon  rotation  in  the  neutral  position.  If  pairs 
of  fiber  optic  elements  are  rotated  about  the  optical  axis  in  opposite 
directions  and  if  additional  rotation  of  the  constituent  parts  is  given 

in  each  pair,  the  amplitude  will  vary  from  0  to  Umax  ~  4 or  cos  wL  at  the 

same  rotational  velcxjity  it'.  The  direction  of  motion  of  the  image  will 
also  vary. 

Flexible  fiber  optic  elements  find  their  application  as  the  element  of  a 
stabilization  device  in  optical  mirror— lens  systems.  One  of  these 
solutions,  developed  by  the  Rank  Organization  with  respect  to  wide-angle 
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observation  systems  (up  to  120“ ) ,  is  presented  in  Figure  3.23. 

(Footnote)  (British  jjatent  1,374,765)  This  system  contains  a 
mirror-lens  objective  with  spherical  concave  mirror  1,  which  focuses  the 
light  impinging  on  it  on  the  curvilinear  surface  of  the  image  4.  The 
center  of  curvature  of  the  surface  of  the  image  coincides  with  that  of 
the  spherical  mirror,  while  the  radius  of  curvature  comprises  half  that 
of  the  spherical  mirror.  Flexible  fiber  light  guides  2  are  used  to 
transmit  the  image  to  the  output  module.  The  fiber  elements  in  the  form 
of  a  flat  tape  or  strand  are  attached  together  with  the  mount  of  the 
lens  system  in  a  gimbal  suspension,  upon  rotation  of  which  the  image  is 
scanned  with  respect  to  the  center  of  curvature  and  it  is  transmitted  by 
the  fiber  elements.  Misalignment  of  the  image  due  to  vibrations  is 
eliminated  and  formation  of  a  stable  image  is  provided  in  the  output 
module  of  the  device. 


Figure  3.23.  Stabilization  Device  With 
Flexible  Fiber  Optic  Eleanents: 

1 — mirror;  2 — light  guide;  3 — surface 
of  light  guide;  4 — surface  of  image 

3.5.  Stabilization  Devices  Using  Elements  of  Objective 

Stabilization  devices  in  mirror  objectives.  (Footnote)  (This  section 
was  written  jointly  with  Yu.  A.  Stepin)  A  so-called  "neutral  point," 
located  on  the  optical  axis  of  the  main  mirror,  exists  for  two-mirror 
optical  systems.  Rotation  of  the  secondary  mirror  with  respect  to  it 
does  not  worsen  the  quality  of  the  image,  but  results  only  in 
misalignment  of  the  image.  This  mirror  can  generally  be  used  as  the 
element  of  an  image  field  stabilization  system.  The  neutral  point  for 
Cassegrain-type  objective,  for  example,  lies  at  the  following  distance 
from  the  vertex  of  the  secondary  mirror  (Figure  3.24)  [51] 


■  i  P^/sKB  —  ~t-S2, 


(3.60) 
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vAiere  p  — S2/S2;  Q  *"  a  =  f'i/S2- 


Figure  3.24.  Diagram  of  Two-Mirror  Objective: 

1 — main  mirror  of  objective;  2 — secondary  mirror 

It  is  pointed  out  in  I  51]  that  aplanatic  two-mirror  systems,  for 
example,  the  two-mirror  layout  of  a  Ritchey-Chretien  telescope,  permit 
rotation  of  the  secondary  mirror  with  respect  to  a  neutral  point  by  a 
larger  angle  than  non-aplanatic  systems.  The  distance  from  the  apex  of 
the  mirror  to  the  neutral  point  is  determined  by  the  following 
expression: 


-  -4-  (l-P^)(l-9)  r 


gl  P?/ 31'-*  • 

I  4 _ L! - 


(3.61) 


It  follows  from  comparison  of  formulas  (3.60)  and  (3.61)  that  the 
distance  of  the  vertex  of  the  secondary  mirror  to  the  ’'neutral  point”  is 
less  in  aplanatic  systems,  which  has  a  considerable  effect  on  the  design 
of  the  image  field  stabilization  device.  The  calculations  presented  in 
[61]  show  that  the  neutral  point  lags  behind  the  vertex  of  the  mirror  by 
=  -0.646  m  for  an  aplanatic  space  telescope,  made  atccording  to  the 

layout  of  a  Ritchey-Chretien  telescope  with  mirror  diameter  of  2.4  m  and 


Stabilization  devices  in  lens  objectives.  Rather  large  decentering  of 
optical  systems  without  significant  deterioration  of  the  quality  of  the 
optical  system  is  permissible  in  lens  optical  systems  containing 
aplanatic  surfaces.  Compared  to  mirror  systems,  lens  systems  contain 
8-12  and  sometimes  20  individual  lenses  each  and  their  combinations 
determine  the  enormous  number  of  layouts  of  the  objective  and 
modifications  of  them;  therefore,  analytical  determination  of  ’neutral 
points  induces  sj)ecific  difficulties.  However,  this  variety  of  layouts 
permits  simultaneous  decentering  of  several  surfaces.  A  procedure  that 
permits  one  to  determine  surfaces  which  can  be  decentered  and  can  be 
used  to  design  image  field  stabilization  systems  will  be  considered 
below.  The  method  of  mutual  compensation  of  decentering,  developed  by 
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Yu.  A.  Stepin,  is  used  extensively  in  design  of  high-quality  optical 
objectives  (especially  in  those  cases  when  the  required  tolerances  on 
decentering  of  individual  lenses  are  extremely  high  and  are  essentially 
impossible  to  fulfill).  Yu.  A.  Stepin  demonstrated  that  there  are 
surfaces  in  objectives  of  different  classes  Vvhich  mostly  form  a 
quasi -aplanatic  system  in  combination.  This  method  was  also  applied  to 
image  field  comxjensation  systems. 

It.  was  established  that  the  statement  that  there  is  a  linear  dependence 
between  the  increment  of  aberration  and  misalignment  of  the  image  due  to 
decentering  is  valid  with  sufficient  degree  of  accuracy  for  objectives 
w-ith  angles  of  the  visual  field  of  2ii>'  <  20“  [72]. 

With  this  condition,  the  increment  of  abeiTations  and  the  misalignment 
of  the  image  with  decentered  optical  elements  can  be  found  fr-om  the 
following  expressions  to  an  ideally  centered  system: 


t  I  -  2j  I  ^  |( 

6  =  - 

I)  I  ^  ^y'n  |.- 


\c  A  '  . 

AS  —  A^co* Ay^Qn— - 


(3.62) 


where  |g  Ay'i,\,  jS  A^tI,  are  the  absolute  increments  of  aberrations  at  the 
i-th  point  of  the  image  field  of  the  k-th  and  n-th  elements  of  the 
objective,  respectively,  during  identical  decentering  of  them  by  bk, 

Ai/cofr,  Ay'cnn  misalignments  of  the  image  with  the  same  decentering 

bk  of  the  same  elements  of  the  objective,  and  1 6  Ay*  ];  /  (  j  6  At/;  ],•  )  is 

a  coefficient  that  determines  the  relationship  between  decenterinj?  of 
the  k-th  and  n-th  elements,  at  which  there  is  mutual  compensation  of  the 
increments  of  aberrations  of  the  objective  caused  by  thern^ 

It  is  easy  to  show  that  the  values  of  decentering  b^  for  the  k-th  and  bn 
for  the  n-th  elements  of  the  objective  are  linked  by  the  relation: 


S  1 6  Ayl  |,. 

bn  =  bk'-T - -  (3.63) 

S  1  b  ^y'n  li 

1=1 
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One  can  write  with  regard  to  the  above  arguments  and  also  using  the 
dependence  between  the  small  scattering  circle  of  the  system,  spatial 
frequency  and  FPM  on  this  frequency  \20] 


„  ,  2]  I  <5  Ay;  |,. 

fiocii  f  I  1 6  Ay*  |;  —  1 6  ^y'„  - 

i  1  ^  Ay;  |,. 


nN 


>/2,5(l  -T). 


Hence , 


^OCH  -f-  (|  6  A(//,  |i  —  1 6  A^n  |( 


E I  ^y'k 
_ 

S  1  ^y'n  If 

i=\ 


2 


Taking  into  account  that  Tcji  ~  exp  {—2n‘hilN~).  where  is  the  FFM  of  a 

random  shift  of  the  image  and  a^^  is  the  misalignment  of  the  image  during 

the  delay,  w^e  find  the  criterion  for  estimating  the  suitability  of 
selected  optical  elements  for  solution  of  the  compensation  problem 


^OCII  -(“  I  1  6  ^y'fi  1?  1  8  ^IJn  li 


I.:--  I 


l-:l 


>  /fo  exp  ( — 2n^a^Vp,6). 


3X*/V*  > 


(3.64) 


Table  3.5,  which  is  a  summary  of  the  effective  of  decentering  of  the 
surfaces  of  lenses  of  the  objective  on  the  position  and  quality  of  the 
image  shaped  by  them  with  alternate  decentering  of  each  of  the  surfaces 
by  the  same  value,  cam  be  used  to  determine  the  most  suitable  surfaces 
or  elements  of  the  objective,  suitable  for  the  role  of  image  motion 
comjjensator .  These  tables  are  compiled  in  development  of  any  objective 
according  to  known  programs  that  guarantee  calculation  of  the  path  of 
real  rays. 
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Table  3*5 


(1) 

\  rnji 

no.'iH  3pc- 
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23,56 
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0.007 

0,013 

—0,013 

U 

-23,50 

0,002 

0.007 

0.013 

-  0,014 

--33,33 

-0,001 

0.014 

0,026 

-0,030 

31,14 

0 

0,027 

0,050 

—0.052 

no  OA» 

16,00 

-0,001 

0,010 

0.018 

-0.018 

— \j  uU 

-16,00 

0.001 

—0,004 

—0.007 

0.005 

—30,8 

0,002 

—0,001 

—0,002 

0 

23,81 

0 

0,025 

0,05 

—0,054 

70 

8,00 

0 

0,007 

0,013 

—0.014 

/ 

—8,00 

0 

-0,006 

0.010 

0,010 

—25,50 

0,001 

—0,014 

—0,026 

0,023 

im: 

1.  Angle  of  visual  field  of  objective 
2*  Coordinates  in  plane  of  exit  pupil,  mm 

3.  Aberration  of  initial,  system,  mm 

4.  Increment  of  aberrations  for  surfaces 

5 .  at 

The  increments  of  aberrations  of  the  initial  value  with  respect  to 
0cton-~5  objective  are  presented  in  Table  3*5*  In  this  table,  b  is  the 
decentering  of  the  surface  and  Ay'  is  the  misalignment  of  the  image. 

V 

It  follows  from  Table  3.5  that  the  increment  of  the  aberrations,  caused 
by  decentering  of  the  eighth  optical  surface  by  bg  =  0.2  mm  is 
essentially  compensated  completely  for  all  angles  and  points  m  of  the 
working  field  of  the  increment  of  aberrations,  caused  by  decentering  of 
the  third  optical  surface  in  the  same  direction  by  ba  =  bg-l.SS  =  0.37 
mm,  where  1.85  is  the  coefficient  of  mutual  compensation  of  aberrations. 
It  also  follows  from  this  table  that  the  image  is  misaligned  by  Ay'^^^  = 

=  0.468 *1.85  =  0.865  mm  (0.468  ram  is  the  misalignment  of  the  image  upon 
decentering  of  the  third  surface  by  ba  =0.2  mm)  upon  decentering  of  the 
third  surface  by  ba  =  0.37  mm,  while  the  image  is  misaligned  in  the 
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opposite  direction  by  =  -0.532  mm  upon  decentering  of  the  eighth 

surface  by  b§  =  0.2  mm.  Thus,  simultaneous  decentering  of  the  third  and 
eighth  surfaces  in  the  same  direction  with  transfer  relation  (1.85) 
causes  misalignment  of  the  image  by  g  =  0.865  -  0.532  =  0.333  mm 

with  the  quality  of  the  image  created  by  the  objective  practically 
unchanged.  Thus,  the  third  and  eighth  surfaces  form  a  quasi-aplanatic 
system  in  combination. 


Figure  3.25.  Arrsingement  of  Objective  With 
Movable  Lenses: 

1 — focal  plane;  2,  6 — articulated  rods;  3 — 
sensor  of  rate  of  misalignment  of  image;  4 — 
processing  system;  5 — processing  mechanism; 

7,  9 — movable  mounts;  8,  10 — lenses 

One  of  the  possible  solutions  of  an  objective  with  movable  lenses  is 
presented  in  Figure  3.25.  The  objective  constructs  an  image  of  the 
objects  to  be  observed  on  a  surface  combined  with  the  image  detector. 

The  image  is  displaced  in  the  focal  plane  1  of  the  objective  during 
photography  from  a  moving  base.  The  sensor  of  the  rate  of  misalignment 
of  the  image  3  issues  a  signal  to  the  image  displacement  development 
system  4.  The  development  mechanism  5,  using  articulated  rods  6  and  2, 
rotates  mounts  7  and  9,  respectively,  about  axes  passing  through  the 
centers  of  curvature  0i  and  O2 .  .4s  a  result  of  these  rotations,  the 
second  surface  of  lens  8  and  the  first  surface  of  lens  10  remain 
centered,  aind  the  first  and  second  surfaces  of  these  lenses, 
resjjectively ,  are  decentered  by  bs  and  bg,  providing  mutual  comp)ensation 
of  aberrations,  ivhich  are  caused  by  this  decentering.  The  indicated 
displacement  of  the  lenses  (decentering  of  two  surfaces)  results  in 
compensation  of  image  misalignment,  caused  by  motion  of  the  base  with 
the  device  attached  to  it. 

There  is  sometimes  the  possibility  of  not  rotating  the  lenses  of  the 
objective,  but  of  shifting  them  parallel  to  the  optical  axis  by  the  same 
value.  This  can  be  illustrated  on  an  example  of  the  Tair-3  objective. 


115 


widely  used  in  amateur  photography  and  having  the  following  data:  f'  = 
=  300  mm,  aperture  ratio  of  1:4.5,  and  2i£'  =  8“ . 

Data  obtained  as  a  result  of  misalignment  of  individual  lenses  are 
presented  in  Table  3.6. 


Table  3.6 
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30 
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—0.015 

15 
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KEY: 

1.  Angle  of  visual  field  of 
objective  isf' 

2.  Coordinates  in  plane  of 
exit  pupil,  mm 


3.  Aberrations  of  initial 
system,  mm 

4.  Increment  of  aberrations  for 
lenses 

5.  at 


It  follows  from  the  table  that  misalignment  of  the  first  two  lenses  in  a 
direction  perpendicular  to  the  direction  of  the  optical  axis  results  in 
misalignment  of  the  image  by  approximately  the  same  value  essentially 
without  a  deterioration  of  image  quality. 

Experimental  results  of  changing  the  resolution  of  the  Tair-3  objective 
as  a  function  of  decentering,  which  confirm  the  correctness  of  this 
approach  in  development  of  compensation  systems,  are  presented  in  Figure 
3.26.  The  given  graphs  show  that  the  quality  of  a  system  for  the  center 
of  the  visual  field  essentially  remains  unchanged  even  when  the  system 
is  decentered  by  ±2.5  mm.  The  permissible  amount  of  decentering 
decreases  as  the  visual  field  increases,  but  it  can  be  permitted  up  to  1 
mm  even  with  regard  to  the  edge  of  the  field. 
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Figure  3.26.  Measurement  of  Resolution  of 
Tair-3  Objective  Upon  Decentering  of  Pair 
of  Lenses 

If  one  takes  into  account  that  photography  is  carried  out  using  cameras 
with  exposure  time  of  0.01  s  or  less,  this  decentering  permits  one  to 
compensate  for  rates  that  reach  values  of  100  mm/s  or  more. 

Stabilization  devices  in  objectives  with  nonplanar  image  field.  There 
is  a  class  of  objectives  in  which  the  image  is  arranged  along  the 
surface  of  the  sphere  or  cylinder.  Let  us  consider  the  possibilities  of 
developing  apparatus  in  which  these  objectives  are  used.  A  working 
diagram  of  such  a  system  under  vibration  conditions  is  shown  in  Figure 
3.27. 

Let  us  assume  that  an  optical  device  having  an  objective  which 
constructs  an  image  along  a  cylindrical  surface  is  rotated  by  some  angle 
about  the  axis  passing  through  the  rear  nodal  point.  Point  A,  lying  on 
the  optical  axis  at  infinity,  will  be  projected  onto  the  same  point  of 
the  cylinder.  If  the  image  detector  has  the  shape  of  a  cylindrical 
surface  and  is  rigidly  connected  to  the  objective,  blurring  of  the  image 
blurs.  However,  if  the  image  detector  is  made  movable  and  if  it  is 
forced  to  maintain  its  initial  position  regardless  of  rotation  of  the 
projecting  objective,  then  (as  follows  from  Figure  3.27)  the  image  will 
remain  immobile.  Thus,  the  image  detector  alone  can  be  stabilized  in  a 
camera  in  which  an  objective  of  the  Spherogon  type  or  panoramic 
objectives  developed  by  A.  Bowers  are  used.  (Footnote)  (U.S.  patent 
2,923,220)  Specifically,  if  the  image  detector  is  photographic  film, 
the  leveling  table  with  photographic  film  pressed  against  it  must  be 
stabilized  with  the  respect  to  the  rear  nodal  point. 
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Figure  3.27.  Layout  of  Stabilization  Device, 
in  Which  Objective  With  Nonplanar  Field  Is  Used: 

00',  OiO'i — optical  axes  of  apparatus 

One  should  note  an  important  practical  conclusion,  since  the  effect  of 
stabilization  errors  in  the  direction  of  scanning  can  be  correcte  by 
spatial  stabilization  of  the  leveling  table  containing  the  photographic 
film  with  respect  to  the  rear  nodal  point  of  the  objective  to  be  used  in 
panoramic  cameras,  designed  according  to  layouts  in  which  scanning  by 
rotation  of  the  objectives  about  the  rear  nodal  point  is  provided. 

One  of  the  possible  versions  of  this  system  is  shown  in  Figure  3.28. 

The  objective  of  the  camera  1  constructs  an  image  on  a  spherical  or 
cylindrical  surface,  to  which  photographic  film  3  is  attached  using 
leveling  table  4.  The  carrier  oscillates  during  aerial  photography  and 
all  components  of  the  AFA,  rigidly  connected  to  the  body  of  the  carrier, 
experience  the  same  oscillations.  Only  the  leveling  table  with  the 
section  of  photographic  film  and  the  measuring  roller  6  is  stabilized  in 
the  AFA.  Thus,  all  components  of  the  chamber  {except  the  leveling  table 
and  photographic  film  and  measuring  roller)  are  also  rotated  by  angle  ot 
upon  rotation  of  the  platform,  about  its  longitudinal  axis  by  angle  a. 
The  image  is  not  displaced  with  respect  to  the  photographic  film. 


Figure  3.28*  Layout  of  AFA  in  Which  Objective 
With  Spherical  Field  Is  Used: 

1 — objective;  2,  5 — drives;  3 — photographic  film; 

4 — leveling  table;  6 — measuring  roller 

Another  example  of  stabilizing  the  image  field  by  using  the  main  optical 
components  of  the  system  is  stabilization  of  the  scanning  devices 
directly.  There  are  a  number  of  panoramic  cameras  in  which  the  exposure 
slot  is  fixed,  while  scanning  is  achieved  either  by  reflecting  or 
prismatic  elements,  for  example,  by  a  cube  prism.  This  prism,  mounted 
in  front  of  the  objective,  is  equivalent  in  its  action  to  a  flat  mirror. 
When  this  prism  is  rotated  about  an  axis  coinciding  with  the  reflecting 
edge  and  parallel  to  the  exposure  slot,  the  optical  axis  is  deflected  by 
a  double  angle  in  the  space  of  the  objects.  The  motion  of  the  image 

caused  by  scanning  is  then  determined  by  the  relation  v  -  2t'  ip. 

H3 

On  the  other  hand,  rotation  of  the  camera  about  an  axis  coinciding  with 
the  sceinning  axis  causes  additional  motion  of  the  image  for  the  center 

of  the  photograjii,  equal  to  v  =  idiere  j?„  is  the  angular  rate  of 

J\.  rk, 

rotation  of  the  camera  in  bank  angle.  Comparing  these  expressions,  it 
is  easy  to  conclude  that  regulated  rotation  of  the  scanning  element  is 
feasible  in  the  direction  of  scanning  in  panor'amic  AFA  with  fixed  slot 
for  image  stabilization,  so  that  there  is  constant  motion  of  the  image 
in  the  focal  plane  and  the  effect  of  an  error  of  the  stabilization 
system  on  the  quality  of  the  recorded  image  is  thus  eliminated. 

There  is  also  a  class  of  panoramic  cameras  in  which  rotation  of  the 
optical  system  of  the  camera  about  an  axis  that  does  not  pass  through 
the  rear  nodal  point  is  used  for  scanning.  The  image  is  located  on  a 
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cylinder  of  radius  R  ^  f  ,  while  the  motion  of  the  image  is  expressed  by 
the  function  I'44] 


^113  =  (R  —  /')  (p  ==  (p2, 


(3.65) 


where  z  is  the  distance  from  the  rotational  axis  to  the  rear  nodal 
point* 

It  follow^s  from  formula  (3.65)  that  the  motion  of  the  image  at  R  <  f'  is 
directed  in  a  direction  opposite  that  of  scanning,  while  the  motion  at 
R  >  f"  coincides  with  the  direction  of  scanning* 

Thus,  two  stabilization  devices  must  be  introduced  in  these  systems  to 
stabilize  the  image  field  and  namely:  stabilization  of  the  image 
detector  with  respect  to  the  rotational  axis  of  the  scanning  system  to 
retain  the  position  of  the  detector  in  space  and  simultaneous  variation 
of  the  angular  velocity  of  the  scanning  system. 

Thus,  panoramic  *4FA  with  rotation  of  the  objective  about  an  axis  not 
passing  through  the  rear  nodal  point  are  less  advantageous  than 
panoramic  cameras,  designed  on  other  circuits,  from  the  viewpoint  of 
developing  an  image  field  stabilization  system. 

3.6.  Stabilization  Devices  Using  Mechanical  Displac^ient  of  Image 
Detector 

The  image  on  a  photodetector  must  be  stabilized  in  some  engineering 
problems  only  for  a  comparatively  short  time  period.  An  example  of 
these  devices  are  cameras  in  which  the  quality  of  the  image  is 
determined  by  its  misalignment  during  exposure.  The  misalignment  of  the 
image  during  such  a  short  time  is  small  and  can  be  compensated  by 
comparatively  small  displacements  of  the  elements  of  the  optical  system. 
(Footnote)  (For  example,  the  misalignment  of  the  image  is  only  1  mm  at 
image  motion  of  100  mm/s  and  at  delay  of  0.01  s)  Displacement  of  the 
objective  in  a  plane  perpendicular  to  the  principle  optical  axis  of  the 
device  or  displacement  of  the  photodetector  (photographic  film)  is 
possible,  besides  the  above  versions.  The  section  of  film  in  the 
exposure  zone  in  the  latter  case  can  be  displaced  linearly  in  two 
mutually  perpendicular  directions  in  the  focal  plane  of  the  objective 
and,  moreover,  may  have  angular  displacements  about  the  principle 
optical  of  the  device.  This  procedure  permits  one  to  obtain  more 
complete  compensation  of  image  misalignment. 

The  design  of  an  objective  displacement  mechanism  or  of  an  image 
detector  should  provide  the  necessary  accuracy  characteristics  at 
minimal  mass  and  overall  dimensions*  Detailed  analysis  of  the 
alternative  versions  of  using  compensation  is  required  in  this  regard. 
Devices  that  provide  lateral  displacement  of  the  objective  can  be  used 
efficiently  only  with  comx>aratively  small  dimensions  of  the  objective. 
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otherwise,  acceleration  to  the  exposure  time  and  subsequent  deceleration 
of  the  mass  of  assembly  result  in  the  appearance  of  considerable 
reaction  forces  of  the  drives,  acting  on  the  base  of  the  device,  and  as 
a  result,  oscillation  of  the  device  on  shock  absorbers. 

Displacement  of  the  film  in  the  exposure  zone  to  stabilize  the  image  can 
be  vised  more  efficiently  i.rhen  it  can  be  rigidly  attached  and  for  other 
reasons  as  well.  This  situation  occurs,  for  example,  in  some  designs  of 
panoramic  AF-4,  in  idiich  the  panning  motion  of  the  scanning  element 
should  be  accompanied  by  the  corresponding  misalignment  of  the 
photographic  film.  The  film  speed  should  be  controlled  with  regard  to 
the  requirements  of  image  stabilization  along  the  frame.  The  film  must 
be  misaligned  in  this  direction  as  well  to  compensate  for  projection  of 
the  rate  of  shift  of  the  image  perpendicular  to  the  frame.  A  direct 
solution  of  the  problem  is  the  useof  the  assembly  shown  in  Figure  3.29. 
The  guide  rollers  1  with  clamping  rollers  2  and  with  drive  motors  3  are 
mounted  on  a  carriage  4 ,  having  one  degree  of  freedom  of  displacement  in 
the  transverse  direction  (toward  the  motion  of  the  film).  This  linear 
motion  can  be  provided  by  a  cam  mechanism  5  w’ith  drive  6.  The  use  of 
two  additional  rollers  7,  linked  mechanically  to  the  drive  shafts,  is 
provided  to  relieve  the  segment  of  film  betiveen  the  rollers  of  the  fixed 
elements  of  the  film  transport  mechanism.  The  film  forms  loops  between 
rollers  1  and  7,  idiich  permit  one  to  avoid  deformation  of  the  film  in 
the  exposure  zone  upon  misalignment  of  the  carriage.  An  obvious 
disadvantage  of  this  device  is  the  massive  nature  of  the  moving  parts. 

The  design  of  a  film  displacement  assembly  (Figure  3.30),  in  which  only 
the  section  of  film  to  be  exposed,  having  small  mass,  makes  a 
rejciprocating  motion,  while  the  moments  of  the  response  of  the  frames, 
oscillating  toward  each  other,  are  mutually  compensated  and, 
accordingly,  the  dynamic  moments  acting  on  the  base  in  this  design  are 
minimal,  is  suggested  in  one  paper.  (Footnote)  (USSR  inventor’s 
certificate  1,151,913) 

The  film  is  moved  along  rollers  1,  2  and  8,  9,  which  rotate  freely  about 
their  oi.ni  axes  in  frames  3  and  10,  forming  a  S-shaped  line  on  the 
rollers.  The  presence  of  transverse  misalignment  of  the  image  due  to 
displacement  of  the  base  is  compensated  by  rotation  of  the  frames  about 
their  oivn  axes  due  to  the  action  of  eccentric  5  on  levers  4  and  7 . 

Frames  3  and  10  are  returned  by  spring  6  to  their  initial  position 
during  the  exposure  time.  If  the  diameters  of  the  rollers  are  equal  to 
D^,  the  film  is  misaligned  by  S  =  tD  sin  3  upon  rotation  of  the  frames 

toward  angle 
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Figure  3.29.  Image  Stabilization  Device  by  Displacement 
of  Photographic  Film  in  T\<io  Directions: 

1 — drive  roller;  2 — clamping  rollers;  3 — propulsive  device; 
4 — carriage;  5 — cam;  6 — cam  drive;  7 — additional  roller 


KEY: 

1 .  Exposure  zone 


Figure  3.30.  Film  Displacement  Assembly: 

1,  2,  8,  9 — rollers;  3,  10 — frames; 

4,  7 — levers;  5 — eccentric,  6 — spring 

The  mass  of  the  film  is  small;  therefore,  its  linear  displacement  does 
not  result  in  the  appearance  of  significant  dynamic  moments  acting  on 
the  base. 
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The  layout  of  the  rollers  is  presented  in  Fij^ure  3.31,  a.  The  lines  of 
the  beginning  and  end  of  contact  of  the  film  with  the  surface  of  the 
rollers  are  denoted  by:  AB,  CD,  EF,  GH. 

The  position  of  the  film  is  misaligned  with  respect  to  the  rotors  upon 
rotation  of  the  rollers  by  angle  3  about  axes  00  and  OiOj  ,  located  in 
the  middle  of  their  length  (Figure  3.31,  b). 


The  axes  of  the  rollers  occupy  position  A'lB'i  and  C'iD'i,  respectively 
(Figure  3.31,  b).  The  film  assumes  the  position  shown  in  Figure  3.31,  b 
by  the  dashed  lines.  It  is  obvious  that  the  film  is  stretched. 

Component  Fy  ^  of  elastic  force  Fy  causes  the  film  to  slip  along  the 

roller  to  the  position  denoted  by  the  solid  line,  provided  that 


(Fy  f-  Fj,)  sin  p  >>  (Fy  F 


where  F  is  the  force  of  the  preliminary  tension  of  the  film  and  f  is 
H 

the  friction  of  the  film  against  the  rollers. 


Figure  3.31.  Diagram  of  Rotation  of  Guide 
Rollers  (a)  and  Film  Shifting  Rollers  (b) 

This  condition  can  be  written  in  the  form  3  >  (  for  small  3;  warping  of 
the  film  in  the  exposure  zone  can  then  be  estimated  by  the  formula 


AS  =  S„  -  S;  =  Sn  (1  ~  cos  p)  =  0.5SnP“. 

Hence,  AS  <  0,5S„^^.  We  find  As  <  5- 10"^  m  at  (  =  0.005  (lavsan  on 

polished  metal)  and  S,,  -  0.4  m,  w^hich  is  quite  permissible  in  most 
cases . 

Thus,  the  use  of  different  mechanisms  to  realize  compensating  movements 
of  the  film  in  the  exposure  zone  is  related  to  the  need  to  solve  a 
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number  of  design  problems .  Careful  estimation  of  the  different  versions 
of  compensators  is  necessary  to  make  a  decision  about  the  efficiency  of 
one  or  several  degrees  of  freedom  of  the  film  instead  of  using  other 
devices . 


3.7.  Electronic  Image  Field  Stabilization  Devices 

There  are  additional  capabilities  of  developing  an  image  field 
stabilization  system  (or  rather  an  organization  of  an  image  motion 
compensation  system,  caused  by  random  rotations  of  the  entire  apparatus) 
in  observation  apparatus,  in  which  image  detectors  of  the  television 
tube  and  image  converter  tube  (EOF)  type  ane  used. 

The  essence  of  electronic  stabilization  systems  is  that  misalignments  of 
the  image  at  the  input  (on  the  photocathode)  of  the  EOF  or  of  the 
television  tube,  caused  by  angular  vibrations  of  the  apparatus  as  a 
whole,  are  compensated  by  the  corresponding  misalignment  of  the 
electronic  image  when  it  is  transported  from  the  photocathode  to  the 
screen  of  the  EOF  or  to  the  target  of  the  television  tube.  Compensation 
misalignment  of  the  electronic  image  is  achieved  by  deflecting  the 
electron  beam  by  using  electromagnetic  or  electrostatic  deflecting 
systems.  An  electromagnetic  deflecting  system  consists  of  two  pairs  of 
electromagnetic  deflecting  coils,  mounted  outside  the  tube.  They  permit 
deflection  of  the  electron  beam  in  two  mutually  perpendicular 
directions.  The  electrostatic  deflecting  system  has  two  pairs  of 
deflecting  plates,  mounted  in  two  mutually  perpendicular  planes  inside 
the  tube  after  the  anode  cone.  Special  designs  of  the  EOF  or  television 
tube  are  required  for  this  system.  Each  pair  of  coils  or  plates  is 
controlled  by  electric  signals,  fed  from  the  angular  position  sensors  of 
the  camera  in  the  same  planes  in  which  the  deflecting  coils  or  plates 
are  mounted.  As  a  result,  the  image  on  the  EOF  screen  or  on  the  target 
of  the  television  tube  is  fixed. 

It  should  be  noted  that  the  motion  of  the  image  can  not  be  compensated 
electronically  either  on  any  image  inverter  tube  or  on  any  television 
tube.  It  follows  from  the  foregoing  that  this  compensation  can  be 
realized  in  a  tube  having  an  image  transfer  chamber.  Moreover,  the 
displacement  of  the  electronic  image  may  comprise  fractions  of  a 
millimeter  or  several  millimeters  as  a  function  of  the  design  of  the 
image  tube.  Otherwise,  the  quality  of  the  image  is  reduced  and  the 
error  in  the  rate  of  compensation  on  the  edge  of  the  image  field 
increeises . 

Let  us  consider  some  engineering  solutions  of  the  electronic  image  field 
stabilization  system  for  a  night  vision  device,  developed  by  the  Itek 
Corporation  (Figure  3.32).  (Footnote)  (U.S.  patent  3,515,881) 
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Figure  3.324  Layout  of  Device  With  Electronic 
Image  Stabilization  Systems: 

1 — objective;  2 — image  inverter  tube;  3 — projection 
objective;  4 — film;  5 — electromagnetic  coils;  6 — gyroscope 

The  objective  1  constructs  an  image  on  the  input  screen  of  the  image 
inverter  tube  2|  from  the  output  screen  of  which  the  image  is 
transferred  to  projection  objective  3  to  film  4  or  is  viewed  in  an 
eyepiece.  Two  electromagnetic  coils  5,  in  the  windings  of  which  is  fed 
control  voltage,  proportional  to  the  angular  deflections  of  the  optical 
axis  of  the  camera  with  respect  to  two  mutually  perpendicular  axes  x,  y 
of  gyroscopes  6,  are  mounted  inside  the  image  converter  tube.  The  given 
system  can  be  used  in  a  night  vision  aerial  camera,  in 

high-magnification  optical  sighting  devices  and  in  other  observation  and 
recording  devices.  However,  the  use  of  gyroscopes  and  of  special 
integrated  correcting  circuits  in  the  system  results  in  a  significant 
increase  of  the  cost  of  the  camera.  The  same  company  has  developed  a 
more  improved  automatic  stabilization  system.  (Footnote)  (U.S.  patent 
3,577,206)  The  given  device  consists  of  an  inner  body,  containing  an 
objective  and  image  converter  tube.  The  inner  body  is  in  turn  mounted 
in  the  outer  body  such  that  they  move  with  respect  to  each  other.  The 
inner  body  is  arranged  with  respect  to  the  outer  body  in  a  gimbal 
suspension.  The  angular  vibrating  motions  of  the  outer  body  with 
respect  to  the  inner  body  induce  electric  current  in  the  deflecting 
coils  of  the  EOF,  which  in  turn  create  a  counter  motion  of  the  electi*on 
beam  which  stabilizes  the  image.  Inexpensive  small  potentiometers  are 
used  to  check  the  currents. 

The  Itek  Company  first  developed  those  systems  for  asti*onomical 
photography  at  which  deterioration  of  image  quality,  caused  by 
vibrations  of  the  telescope,  must  be  prevented.  Systems  with  different 
information  channels  were  developed.  In  some,  information  about 
displacement  of  the  object  and  about  the  corresponding  variation  of 
current  in  the  deflecting  coils  is  provided  by  four  photomultipliers. 

In  others,  acceleration  sensors  in  the  horizontal  and  vertical  planes 
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are  used.  If  the  moving  object  must  be  photographed  with  a  moving 
camera  (for  which  not  one  system  has  been  adapted  separately),  both 
tj^jes  of  stabilizers  are  used,  connecting  them  to  each  other. 

This  system  permits  one  to  obtain  unblurred  images  of  objects,  vibratipg 
at  frequency  up  to  2,000  Hz.  Specifically,  this  camera  was  used  to 
photograph  the  valves  of  an  operating  internal  combustion  engine.  .4n 
image  motion  compensation  system  during  random  vibrations  of  the  camera 
can  also  be  developed  in  optoelectronic  devices,  in  which  solid-state 
photosensitive  charge-coupled  devices  (PZS)  are  used  f54].  This  device 
is  an  array  (linear  or  two-dimensional)  of  single  MOS  components  (metal 
+  oxide  +  semiconductor),  arranged  on  a  chip  as  close  as  possible  to 
each  othei',  so  that  there  is  an  electronic  connection  between  adjacent 
components  f  54 ] . 

The  operating  principle  of  the  CCD  is  as  follows.  If  a  negative  voltage 
is  applied  to  any  one  of  the  electrodes,  a  stripped  region  is  formed  in 
the  surface  zone  of  the  semiconductor  (the  free  electrons  are  repulsed 
into  the  inside  of  the  chip),  which  is  a  potential  well  for  holes.  The 
effect  of  light  induces  generation  of  charge  cariiers  inside  the 
semiconductor,  the  formed  holes  are  attrac^ted  to  the  dielectric- 
semiconductor  interface,  and  are  localized  in  this  surface  layer.  The 
charge  accumulated  in  the  potential  v^rell  is  proportional  to  the 
illumination  of  the  element. 

If  a  high-amplitude  negative  voltage  is  applied  to  the  electron 
(adjacent  to  that  considered)  at  some  moment,  a  deeper  potential  well  is 
formed  and  the  holes  flow  into  it.  Varying  the  control  voltage  on  the 
electrodes  in  the  necessary  manner,  one  can  direct  transfer  of  the 
charge  along  the  surface  from  structure  to  structure,  up  to  exit  of  it 
from  the  chip,  i.e.,  the  spatial  distribution  of  the  light  intensity  in 
the  CCD  is  converted  to  the  relief  of  electric  charges,  localized  in  the 
surface  region  of  the  semiconductor.  The  charge  packets  flow  from 
element  to  element,  emerge  to  the  outside,  and  yield  a  sequence  of  video 
pulses,  adequate  to  the  discernible  specimen. 

The  motion  of  the  image  is  compensated  by  synchronous  displacement  of 
all  the  charge  packets  in  the  array  during  accimiulation  (exposure). 

A  layout  for  designing  a  CCD  array,  in  which  the  charge  packets  are 
stored  and  moved  in  the  plane  along  tw’o  coordinates,  was  proposed  in 
[79].  The  device  is  formed  by  a  two-dimensional  block  of  ^DS 
capacitors.  Controlling  the  cadence  voltages  on  the  electrodes  using 
external  circuits,  one  can  store  and  move  the  charge  packets  in  any 
direction. 

Although  this  CCD  array  \-jas  not  used  in  real  de\'ices  due  to  the 
complexity  of  addressing  the  two-dimensional  electrode  block,  the 
direction  itself  in  development  of  these  CCD  arrays  is  promising, 
especially  with  respect  to  a  camera  mounted  on  a  moving  base.  The 
problem  of  compensating  the  random  motion  in  one  coordinate  is  most 
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simply  solved  for  CCD  detectors,  operating  in  the  time  delay  and  storage 
(\^N)  mode.  The  image  detector  consists  of  a  number  of  MOS  elements, 
which  form  columns  extended  in  one  direction.  The  image  is  scanned  in 
the  direction  of  the  columns.  TFie  cadence  frequency  of  this  scanning  is 
assigned  by  image  motion  sensors  and  the  delay  between  separate  inputs 
should  be  equal  to  the  time  of  displacement  of  the  image  from  one  ^DS 
element  to  another.  Thus,  storage  occurs  in  the  same  charge  packets, 
but  in  spatially  different  elements  of  the  array.  A  long  storage  time 
can  be  achieved  in  the  absence  of  blurring  of  the  image  by  using  the 
mode.  The  motion  of  the  image  along  the  second  coordinate  should  be 
compensated  by  one  of  the  above  methods. 

If  the  rate  of  the  charge  packets  differs  somewhat  from  the  rate  of 
displacement  of  the  image,  image  quality  deteriorates.  According  to 
[6],  the  synchronization  FPM  is  determined  by  the  following  function: 


T  ^  _^in|(n/2)(v/vH) 

(^(v/vu)/U  (Kvro)  ^ 


where  r,.  is  the  Nyquist  frequency  for  a  CCD  and  =  l/(21x);  lx  is  the 

size  of  the  light-sensitive  element  in  the  direction  of  motion,  Av  is 
the  difference  between  the  motions  of  the  image  and  the  rate  of 
displacement  of  the  charge  packets,  v  is  the  rate  of  displacement  of  the 
charge  packets,  and  M  is  the  number  of  elements  in  the  column. 

It  follows  from  this  function  that  the  permissible  shift  should  not 
exceed  one-third  the  size  of  the  light-sensitive  element;  this  shift 
comprises  5-10  /im  under  real  conditions. 

3.8,  Comparative  Analysis  of  Functional  Image  Stabilization  Devices 

The  data  presented  in  the  previous  paragraphs  of  the  given  chapter 
indicate  the  wide  variety  of  image  field  stabilization  devices.  To 
determine  the  reasons  for  this  variety,  let  us  briefly  consider  the 
advantages  and  disadvantages  of  various  image  field  stabilization 
devices . 


Thus,  image  field  stabilization  systems  based  on  optical  wedge  systems 
(OKS),  used  in  devices  with  resolution  of  approximately  1  angular 
minute,  permit  the  presence  of  an  angle  of  variation  of  the  wedge  up  to 
5**  (with  regard  to  chromatic  aberration  of  wedge  compensators),  i.e.,  a 
vibration  amplitude  of  approximately  ±3**  can  be  provided  in  a  single 
wedge. 

Additional  optical  wedge  systems  must  be  introduced  to  correct  the 
effect  of  chromatic  aberration,  which  increases  the  overall  dimensions 
and  mass  of  the  entire  camera.  However,  selection  of  one  or  another 
layout  of  wedge  compensator  wdll  also  be  largely  determined  by  the 
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operating  conditions  of  the  camera.  For  example,  an  OI^S  using  movable 
lenses  is  rather  simple  to  combine  with  the  main  gyroscope  stabilization 
element.  One  of  the  lenses  of  the  optical  wedge  is  attached  to  one 
rotor  of  the  gyroscope  and  holds  its  position  in  space  regardless  of 
vibrations  of  the  apparatus  itself.  This  principle  can  be  used  in 
devices  of  any  designation.  It  should  be  kept  in  mind  that  the  diameter 
of  the  rotary  lens  is  increased  by  approximately  17  percent  of  the 
radius  of  curvature  of  adjacent  surfaces  upon  vibrations  of  the  system 
in  the  range  of  ±5” ,  i.e.,  the  increment  is  51  mm  with  radius  of 
cur\''ature  of  300  mm,  which  increases  the  size  of  the  lens  approximately 
1.5-fold  wdth  an  entrance  pupil  of  100  mm.  This  is  not  always 
permissible. 

The  range  of  application  of  liquid  optical  wedge  systems  (GlZhS)  based 
on  liquid  wedges  is  determined  as  a  function  of  their  design.  Thus,  an 
OICZhS  with  open  surface  and  also  using  nonmiscible  liquids  can  (jperate 
successfully  only  in  the  absence  of  vibrations,  which  will  cause 
deformation  of  the  surfaces  and  thus  woi'seri  the  quality  of  the  image. 

It  is  for  these  reasons  that  liquid  optical  wedge  systems  have  foiond 
their  application  in  surveyor’s  instruments  and  specifically  in  levels. 
Liquid  optical  wedge  systems  usir^g  nonmiscible  liquids  and  the  line  of 
the  interface  along  a  spherical  surface  are  applicable  in  systems  having 
entrance  pupils  of  not  more  than  2-3  mm. 

These  systems,  based  on  closed  tubes  with  moving  input  windows,  are  free 
of  essentially  all  the  disadvantages  of  the  previous  liquid  optical 
wedge  systems,  but  they  are  inferior  in  simplicity  of  the  design  of 
optical  wedge  systems  and  namely:  the  diameter  of  the  view  port  is 
increased  considerably  compared  to  the  entrance  pupil  of  the  objective; 
djTiamic  achromatization  of  the  system  can  be  provided. 

The  use  of  stabilization  devices  that  contain  optical  wedges,  which 
rotate  about  the  optical  axis,  also  do  not  cause  an  increase  of  their 
diameter.  But  their  disadvantage  is  the  need  to  ai'range  a  rather 
complex  functional  device  that  provide  a  nonlinear  relationship  between 
the  rotation  of  the  camera  and  rotation  of  the  optical  w^edges.  The 
wedges  should  not  only  be  rotated,  but  should  also  be  turned  jointly 
about  the  optical  axis  of  the>  camera. 

Reflecting  elements  are  preferable  foi'  use  in  stabilization  systems, 
since  these  elements  are  essentially  inertialless  during  the 
corresponding  processing  and  providing  the  quality  of  manufacture.  They 
can  be  mounted  in  both  f:)arallel  and  conveiging  beajns  and  can  be  used  in 
practically  all  optical  devices. 

The  corresponding  designs  of  optical  reflecting  compensators  (OZK) 
permit  stabilization  at  larger  vibration  amplitudes.  The  disadvantages 
of  these  compensators  should  include  an  increase  of  their  oveiall 
dimensions,  since  07M  operate  on  reflection  and  comprise  a  significatn 
angle  with  the  optical  axis  of  the  system. 
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Fiber  optic  compensators  (VOK)  may  find  application  in  systems  with 
large  entrance  pupils,  at  small  dimensions  of  the  image  detectors,  i.e., 
idien  the  ratios  of  the  detector  and  entrance  pupil  are  approximately 
1:10-1:1,000,  which  occurs  when  using  CCD  arrays. 

Fiber  optic  compensators  have  yet  another  important  advantage,  and 
namely:  the  possibility  of  providing  variable  motion  of  the  image  along 

the  entire  image  field  simultaneously,  which  is  necessary  with  different 
orientations  of  the  camera.  Moreover,  the  necessary  law  of  variation  of 
motion  can  be  calculated  and  realized  by  the  corresponding  design  of  the 
VOK.  However,  it  should  be  noted  that  stabilization  can  not  be 
guaranteed  by  using  VOK  at  large  vibration  amplitudes  of  the  camera 
{greater  than  ±10“ ) ,  while  rates  of  not  more  than  50-100  mm/s  are 
permissible  for  VOK  operating  in  the  image  motion  compensation  mode  due 
to  random  rotations  of  the  system. 

The  use  of  the  components  themselves  of  the  optical  system,  having 
optical  intensity  in  image  field  stabilization  devices,  is  very- 
feasible,  since  the  same  optical  elements  perform  various  types  of 
functions.  The  above  examples  indicate  that  these  systems  may  not 
operate  at  large  angular  displacements  and  they  should  be  recommended  as 
additional  circuit  elements  that  perform  fine  stabilization  of  the 
image. 

Thus,  the  following  problems  always  arise  before  the  developer  of  an 
optical  device,  mounted  on  a  moving  base. 

1.  Is  it  necessary  or  not  to  introduce  an  image  field  stabilization 
system  into  the  device? 

2.  If  "yes,"  then  which  type  of  stabilizer  is  used  in  development  of 
one  or  another  optical  device? 

Selection  of  one  or  another  engineering  solution,  when  the  same  problem 
can  be  solved  by  essentially  all  ty-pes  of  operating  systems,  is 
determined  largely  by  the  experience  and  skills  of  the  developer,  by  the 
tooling  of  the  enterprise  that  produces  this  type  of  instrument  and  so 
on. 


However,  one  can  formulate  several  principles  by-  which  one  should  be 
guided  in  selection  of  an  operating  system:  1)  it  is  desirable  to 
stabilize  the  image  field  by'^  displacing  the  elements  of  the  device 
itself,  i.e.,  without  introducing  additional  elements;  2)  elements  with 
the  least  mass  should  be  selected  from  all  the  possible  optical  elements 
that  permit  image  stabilization;  and  3}  preference  should  be  given  to 
reflecting  elements  if  it  is  necessary-  to  introduce  an  additional 
optical  element  into  the  system. 
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Chapter  4.  Information  Systems  for  Checking  Image  Misalignment 

4.1*  Information  Systems  for  Checking  Spatial  Displacements  of  Moving 
Bases  in  Problems  of  Indirect  Control  of  Image  Misalignment 

Open  and  closed  image  stabilization  systems  were  considered  in  Chapter 
2.  The  presence  of  an  information  system  for  checking  the  current 
parameters  of  spatial  displacements  of  the  base  was  suggested  in  the 
first  systems.  This  information  can  be  obtained  only  if  a  reference 
coordinate  system,  developed  by  one  or  another  method,  is  on  a  moving 
base.  This  methcxi  ordinarily  consists  in  the  use  of  gjTroscopic  devices, 
combined  into  an  information  system.  If  there  is  the  possibility  of 
constant  or  periodic  tie-in  to  some  objects,  the  relative  position  of 
which  is  known  beforehand  (astronavigation  objects,  radio  beacons, 
navigation  satellites  and  others),  this  reference  coordinate  system  can 
be  corrected.  Information  about  the  position  of  the  base  with  respect 
to  the  earth  can  be  used  to  create  a  reference  coordinate  system.  This 
information  is  taken  from  sensors  of  the  earth's  physical  fields 
(pendulums,  magnetic  compasses,  infrared  vertical  gyros  and  so  on)  and 
is  processed  in  a  computer  module  or-  is  used  to  correct  onboard 
gyroscoi.)es .  A  three-axis  gyro- stabilized  platform,  which  maintains  a 
fixed  position  in  inertial  space,  can  be  used  as  the  physical  reference 
coordinate  system.  Infoimiation  about  the  spatial  angular  displacements 
of  the  base  is  fed  to  the  coordinate  converter  from  sensors  of  the 
relative  angular  position  of  the  axes  of  the  platform  and  is  used  as  an 
assignment  in  the  contro]  system  of  the  image  stabilization  device. 
Besides  sensors  of  the  current  value  of  the  angular  parameters  of  motion 
of  the  base,  linear  velocity  sensors  with  respect  to  displacement  of  the 
base  and  of  the  surveying  object  (observations)  and  also  sensors  of  the 
distance  to  this  object  are  used  in  image  stabilization  problems.  The 
linear  velocity  of  the  base  can  be  determined  by  using  an  inertial 
navigation  system  or  optical,  radio  engineering,  and  any  other  devices. 
The  distance  to  the  object  of  observation  is  measured  by  using 
rangefinders,  altimeters  and  other  similar  instruments.  These  devices 
are  described  in  detail  in  the  technical  literature,  for  example,  in 
[39,  49];  therefore,  they  are  not  considered  in  this  book. 

A  physical  reference  coordinate  system  can  sometimes  be  replaced  by  a 
mathematical  model  of  it,  which  is  constructed  on  a  computer  according 
to  the  indicators  of  the  sensors  of  angular  spatial  displacements  of  the 
base.  An  example  of  such  a  device  is  a  gimballess  system  (BINS)  [31]. 
Practically  any  gyroscope  having  sufficient  accuracy  can  be  used  as  the 
sensors  of  this  system.  The  disadvantage  of  the  BINS  is  the  need  to  use 
to  use  sensors  wdth  wide  range  of  measured  parameters,  which  is  not 
always  compatible  wdth  high  measurement  accuracy.  At  the  same  time, 
sensors  which  are  essentially  null  indicators  of  deviation  of  the 
platform  from  the  position  fixed  in  inertial  space,  can  be  mounted  on  a 
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gjTO-stabilized  platform.  It  is  obvious  that  these  sensors  can  have 
characteristics  with  large  curvature  and  high  stability.  The  accuracy 
of  the  entire  device  is  dependent  on  the  accuracy  of  fulfillment  of  the 
gimbal  suspension  mechanism  of  the  platform  and  on  the  operating 
accuracy  of  the  platform  drive  control  systems. 

The  problem  of  image  stabilization  is  sometimes  solved  through 
synchronous  operation  of  several  local  drives.  The  master  signals  csin 
also  be  taken  from  gyroscopes,  attached  to  the  base  or  shifted  with 
respect  to  the  base  together  with  the  structural  elements  of  the  image 
stabilization  device,  in  the  feedback  circuit  of  the  control  systems  of 
these  local  di'ives.  In  the  latter  case,  this  local  drive,  with  a 
g.^rroscope  in  the  feedback  circuit,  forms  a  one— axis  gyro  stabilizer 
vsbose  operation  will  be  considered  in  detail  telow. 

Methods  of  monitoring  sr)atial  displacements  of  moving  bases  in  image 
shift  control  problems.  Gyi-oscopic  sensitive  elements  (ChE)  are  used  to 
determine  the  parameters  of  sjyatial  angular  displacement  of  the  base. 
Gyroscopes  with  two  or  three  degrees  of  freedom  having  different  methods 
of  suspension  of  the  rotor  are  used  as  the  sensiti\’e  elements  in  image 
stabilization  systems. 

Gyroscopes  on  new  physical  principles,  for  example,  vibratory  and  laser 
g;iToscop)es ,  having  recently  been  dev'eloped  intensively  aind  introduced. 

Gyroscopes  with  two  degrees  of  freedom  are  used  more  frequently  than 
others  to  solve  stabilization  and  orientation  problems  with  regard  to 
their  simplicity  and  reliability.  The  accuracy  of  gyrosco]Des  with  two 
degrees  of  freedom  is  improved  by  reducing  the  frictional  moments  in  the 
supports  of  the  suspension  by  different  methods  [42,  641.  Thus, 
purified  gas  is  delivered  to  the  narrow  space  between  the  cylindrical 
float  and  the  inner  surface  of  the  float  chamber  of  the  instrument  in 
floated  gjToscopes  with  gas  djnamic  suspension.  This  suspension 
provides  small  frictional  moments  and  insignificant  drift  rates  (several 
angular  seconds  per  second) .  The  disadvantages  of  these  instruments  are 
the  need  for  compressed  air  reserves  or  for  an  onboard  compressor  and 
high  requirements  on  the  precision  of  manufacture  of  parts  of  the 
device . 

The  most  widely  distributed  tj'pe  of  gyroscoipe  is  the  integrating  floated 
gyroscope  (PIG)  [42].  The  space  between  the  cylindrical  float  and  the 
body  of  this  instrument  is  filled  with  liquid  having  high  specific 
weight  and  large  coefficient  of  viscosity.  The  w^eight  of  the  float  and 
the  lifting  force  of  the  liquid  are  selected  so  that  the  supports  of  the 
suspension  are  completely  relieved  and  so  that  they  perform  the  roll  of 
axial  Sind  radial  displacement  limiters  of  the  float  when  loads  act  on 
the  PIG.  The  drift  of  the  PIG  does  not  exceed  fractions  of  angular 
seconds  per  second.  An  angle-data  transmitter  and  torque  sensor  are 
mounted  on  the  precession  axis  of  the  float.  The  simplified  equation 
motion  of  the  PIG  can  be  represented  in  the  form 
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where  oi  is  the  arxgle  of  rotation  of  the  PIG  about  the  axis  of 
sensitivity,  S  is  the  an^le  of  rotation  of  the  float  about  the 
precession  axis,  b  is  the  coefficient  of  the  viscous  friction  moment 
about  the  precession  axis,  and  H  is  the  moment  of  momentum  of  the 
gyroscope . 

Integrating  this  expression,  we  find 


P  -  H,alb  -f  po, 


where  )?o  is  the  initial  angle  of  rotation  of  the  float. 

Thus,  the  rotational  angle  ^  of  the  float  about  the  precession  axis, 
fixed  by  the  angle-data  transmitter,  is  directly  proportional  to  the 
angle  of  rotation  of  the  PIG  about  the  axis  of  sensitivity.  With  more 
detailed  consideration,  the  transfer  function  of  the  PIG  by  control 
action  can  be  expressed  in  the  form 
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where  =  H^/b  is  the  transfer  factor  of  the  PIG  and  is  a  time 
constant . 

For  most  serial  instruments  =  0.1-1  and  =  0.001-0.01  s, 

r  r 

In  the  case  of  developing  a  restoring  moment  along  the  precession  axis 
of  a  two-degree  gyroscope  in  some  manner,  its  deflection  angle  along 
this  axis  is  proportional  to  the  rotational  velocity  along  the 
precession  axis.  This  instrument  is  called  a  g^'rotachometer  and  has  a 
transfer  function  of  type 
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where  kj,^  =  Hj,/c  is  the  transfer  coefficient  of  the  gyrotachometer ,  and 
c  is  the  coefficient  of  the  angular  stiffness  of  the  spring  and  is 
the  time  constant  of  the  gyrotachometer  =  0.01-0.1  s). 
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The  restoring  moment  can  be  found  in  the  simplest  case  by  using  springs, 
but  a  more  promising  direction  from  the  vieu-point  of  improving  the 
accuracy  is  development  of  feedback  from  the  angle-data  transmitter  to 
the  torque  sensor  (a  so-called  electric  spring). 

The  range  of  velocities  to  be  measured  by  the  g^Totachometer  is 
dependent  on  the  angular  stiffness  of  the  springs  and  comprises  0.01- 
1.0  s-i  . 

Laser  gyroscopes.  One  of  the  promising  sensitive  elements  in  image 
stabilization  systems  is  the  laser  g;sToscope  (LG)  [181.  This  is 
explained  by  the  uniqueness  of  its  characteristics.  The  most  important 
of  the  following:  wide  range  of  velocities  to  be  measured  ( .5  ■  10'’^-100) 
1/s,  short  readiness  time  to  operation  after  switch-on  { approximately 
0.05  s),  a  practically  unlimited  number  of  starts,  high  reliability, 
stability  to  mechanical  effects,  insensitivity  to  linear  accelerations, 
convenience  in  processing  the  frequency  form  of  measurement  results  and 
in  joining  angular  displacements  to  pulse  sensors,  and  low  power 
consumption . 

The  basis  of  the  laser  gjrroscope  is  a  ring  laser,  in  which  two  waves  are 
propagated  in  opposite  directions.  The  difference  frequency  Af  of  the 
opposite  waves  is  dependent  on  the  angular  rotational  velocity  of  the 
laser  gyroscope  in  inertial  space  about  the  axis  of  sensitivity, 
perpendicular  to  the  plane  of  the  cavity. 

The  input  characteristic  of  the  laser  gjToscojDe  can  be  approximated  by 
the  expression  [18] 


A/  — 


where  is  the  transfer  factor  of  the  laser  gyroscope,  fo  is 

displacement  of  the  center  of  the  characteristic  caused  by  the  features 
of  the  laser  gyroscope,  and  fi  is  the  boundary  frequency  of  the 
synchronization  range  of  the  counter  waves. 

According  to  the  above  expression,  the  characteristic  of  the  laser 
g,^’roscope  has  a  range  of  insensitivity  and  sections  with  considerable 
nonlinearity  at  small  input  signals.  Beginning  with  angular  velocities 
on  the  order  of  0. 3-0.4  s'*,  the  input  characteristic  of  the  laser 
gjToscope  is  essentially  linear,  i.e.,  Af  « 

The  transfer  factor  of  laser  gyroscopes  of  acceptable  overall  dimensions 
is  very  high  and  comprises  k^  =  (2 •105-2* 10® )  Hz*s.  The  input 

characteristic  of  the  laser  gyroscope  is  linearized  by  introducing  the 
initial  displacement  of  the  working  point  by  one  or  another  method. 
Rotational  or  oscillatory  motion  about  the  axis  of  sensitivity  is  given 
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to  the  laser  g^TOscope  for  this  purpose  or  elements  having  phase 
independence  are  placed  in  the  optical  circuit  of  the  laser  gyroscope. 
Measures  should  be  adopted  at  the  same  time  to  eliminate  that  part  of 
the  output  signal  of  the  laser  gyroscope  which  corresponds  to  the 
initial  dispiacement  or  is  related  to  introduction  of  this  displacement. 
It  should  be  noted  that  functional  displacements  of  the  optical  element 
can  be  used  in  image  stabilization  systems  for  the  initial  shift  of  the 
laser  gyroscoj^e. 

No  fewer  than  three  laser  gyroscopes  with  mutually  perpendicular  axes  of 
sensitivity  must  be  installed  to  obtain  complete  information  about  the 
parameters  of  the  motion  of  the  base.  Specific  difficulties  arise  in 
introduction  and  subsequent  elimination  of  the  initial  bias  of  the  laser 
g^Toscope.  One  of  the  methods  [17]  of  solving  this  problem  is  to 
arrange  these  g;^rroscopes  so  that  their  axes  of  sensitivity  comprise  an 
orthogonal  trihedron.  Simultaneous  rotation  or  oscillating  motion  about 
an  axis  not  coinciding  with  any  axis  of  sensitivity  is  imparted  to  all 
three  gjToscopes  (Figure  4.1).  The  array  of  laser  gyroscopes  1  and  the 
rotor  of  the  relative  angular  position  sensor  (lU)  4  are  set  into 
rotation  by  drive  3.  The  signals  from  the  outputs  of  the  laser 
gyroscope  and  the  relative  angular  position  sensor  are  processed  in 
computer  module  2  and  can  also  be  used  to  control  drive  3. 


Figure  4.1.  Diagram  of  Laser  Gyroscope  Array: 

1 — laser  gyroscope  array;  2 — computer  module; 

3 — drive;  4 — relative  angular  position  sensor 

A  coordinate  system,  bound  to  the  base  Qxiyjzj  ,  and  coordinate  system 
Qxyz,  formed  by  the  axes  of  sensitivity  of  the  laser  g;sroscope,  are 
presented  in  Figure  4.2.  These  systems  are  rotated  with  respect  to  each 
other  by  angles  p,  ^  and  t. 

It  follows  from  Figure  4.2  that  the  angular  velocity  vector  p  of  the 
gyroscope  array  about  axis  Oyi  is  projected  onto  the  axes  of  all  the 
laser  gyroscopes  and  can  be  used  to  create  simultaneous  initial  bias  of 
them . 


i. 
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There  is  the  following  correlation  between  the  \ector  of  the  angular 
velocity  of  the  base  and  that  of  the  gyroscope  : 


—  Af  A,[,  (Ar,  £2„  tp), 

where  Af.  A,k  A„  matrices  of  the  direction  cosines, 

corresponding  to  rotations  by  angles  f,  ?  and  p,  respectively. 

The  following  conditions  must  be  fulfilled  to  achieve  equal 
misalignments  of  all  the  laser  gyroscopes: 


sill  ij-  =  sill  B  =  cose  = 

One  can  find  from  eicpression  (4.1): 


D.i  - 
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=  C/  p  3^  ('p: 


£2,1  =  yj  A  cos  ip  -  -pi  B  cos  ff , 


where  A  =  £2,.  —  £2„;  B  ---  2£2,,  —  £2„  —  £2,;  C  £2,.  -f  £2„  4-  £2^;  £2,.,  £2„,  £2, 
the  projections  of  the  eingular  velocities  onto  the  axes  of  sensitivity 
of  the  laser  gyroscope  and  £2„,.  £2^  are  the  projections  of  the 

angular  velocities  onto  the  axes,  bound  to  the  base. 

The  relative  velocity  or  relative  angle  of  rotation  of  the  gyro  unit 
must  be  introduced  from  the  measiirement  results  to  eliminate  the  signal, 
corresponding  to  the  initial  misalignment.  A  measuring  algorithm  with 
averaging  at  angular  intervals  can  be  realized  in  the  latter  case. 

The  mean  value  of  the  angular  velocity  during  rotation  ti  by  angle  pi  is 
determined  by  the  expression 


t  ff 

where  j  =  x,  y,  z  and  i  is  the  number  of  the  measurement  cycle. 
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Figure  4*2.  Coordinate  Systems  of  Base  and  of 
Axes  of  Sensitivity  of  Laser  Gyroscopes 

Harmonic  oscillating  motions  of  the  gyro  unit  about  axis  Oy\  according 
to  the  law  ^  =  a  sin  a^t,  where  a  is  amplitude  and  y  is  the  circular 
vibration  frequency,  can  be  used  instead  of  rotational  motion. 

The  readings  are  taken  from  this  gyro  unit  by  integration  of  the  beat 
frequency  of  the  laser  gyroscope  during  one  or  a  number  of  vibration 
periods.  The  relative  angular  misalignment  sensor  of  the  gyro  unit  is 
not  required  and  the  design  of  the  computer  module  is  simplified 
somewhat . 

4.2.  Methods  of  Direct  Check  of  Image  Misalignment 

Survey  of  methods  of  check  image  misalignment.  Photoelec tronic  image 
misalignment  check  systems  (SIvSI)  permit  one  to  determine  directly  the 
extent,  rate  and  direction  of  misalignment  of  the  image.  Direct  check 
information  systems  are  in  most  cases  considerably  simpler  indirect 
check  devices  and  are  also  distinguished  by  low  inertia  and  rather  high 
accuracy.  But  certain  deficiencies  are  also  inherent  to  them  as  to  any 
other  information  systems.  The  most  important  of  these  deficiencies  is 
the  possibility  of  operating  failures  in  cases  when  the  optical  image  of 
the  surface  to  be  monitored  has  no  sections  of  different  illumination 
(for  example,  there  are  no  parts  in  images  of  the  sea  surface,  of  an 
even  section  of  desert,  of  a  cloud  layer  that  conceals  the  earth ^s 
surface  and  so  on). 

The  direct  check  system  must  be  complicated  with  regard  to  this 
deficiency,  by  introducing  memories  atnd  other  components  into  the  data 
processing  channel,  which  guarantee  operation  of  the  automatic  image 
stabilization  system  (ASSI)  over  the  time  interval  when  no  data  are 
issued  from  the  SIvSI  sensor. 
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Optical  image  misalignment  check  systems  (SKSI)  are  understood  as 
optoelectronic  information  measuring  systems  that  yield  information  in 
analog  or  digital  form  about  the  rate  or  absolute  value  of  misalignment 
and  also  about  the  direction  of  misalignment  of  the  optical  image, 
created  by  the  objective  of  the  optical  device,  for  example,  by  the 
objective  of  the  AFA.  All  optoelectronic  SKSI  are  based  on  analysis  (by 
one  or  another  physical  method)  of  the  law  of  distribution  of  the 
illumination  of  the  image  of  the  object,  created  by  the  optical  system, 
and  by  the  nature  of  its  variation  over  time.  Before  turning  to 
consideration  of  devices  and  the  operation  of  various  direct  check  SKSI, 
one  must  become  familiar  briefly  with  the  classification  of  these 
information  measuring  devices.  The  features  by  which  SKSI  are 
classified  can  be  the  most  diverse.  Devices  are  distinguished  by  such  a 
physical  feature  as  the  radiation  spectrum  for  operation  in  the 
ultraviolet,  in  the  visible  and  in  the  infrared  regions  of  the  spectrum. 


Figure  4.3.  Varieties  of  SliSI: 
a — active;  b — passive;  1 — object; 

2 — detector;  3 — radiation  source 

Like  other  optoelectronic  measuring  devices,  SliSI  can  be  divided  into 
active,  semi-passive  and  passive.  The  object  1,  an  image  of  which  is 
studied  by  system  2,  is  irradiated  in  active  SKSI  (Figure  4.3,  a)  by  an 
electromagnetic  radiation  source  3,  the  characteristics  of  w^hich  can  be 
controlled.  In  passive  SICSI  (Figure  4.3,  b),  the  object  1,  an  image  of 
which  is  also  studied  by  system  2,  has  natural  radiation  or  the 
radiation  3  of  a  natural  light  source  (sun  or  moon)  is  used.  Most 
modem  SKSI  are  passive,  while  the  use  of  active  SKSI  is  limited  by  the 
power  of  the  radiation  sources  and  by  a  number  of  other  factors. 

Passive  SKSI  can  in  turn  be  divided  into  a  number  of  types,  for  example, 
into  SKSI  in  which  scanning  and  modulation  of  the  light  beam  are  used, 
into  mosaic-type  SKSI  and  so  on.  Only  one  detector  is  used  in  most  SKSI 
of  the  first  type.  Different  raster  structures  (fixed  and  movable 
raster  array-s,  switched  strip  photoelements  and  other  devices)  are  used 
in  these  systems  to  modulate  the  luminous  flux.  A  large  number  of 
detectors  is  used  in  mosaic-ty^  SI^SI.  Scanners  are  used  in  some  SKSI. 
The  image  can  be  scanned  by  displacement  of  the  image  with  respect  to  a 
fixed  analy'zing  diaphragm  or  by  displacement  of  the  diaphragm  with 
respect  to  the  image.  Active  and  passive  SICSI  can  be  divided  by^ 
operating  principle  into  five  t^npes:  time-pulse,  frequency*,  phase, 
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amplitude  and  correlation  (Figure  4.4).  Time-pulse  SliSI  [32,  34,  65] 
are  based  on  measurement  of  the  pulse  length  of  the  signal  at  the  output 
of  the  photoelectronic  device  or  on  determination  of  the  distance 
between  them  if  there  is  an  error  of  position  between  the  sighting  line 
to  the  object  and  the  optical  axis  of  the  SKSI. 

Variations  of  the  output  signal  frequency  upon  variation  of  the  rate  of 
misalignment  of  the  image  to  be  checked  are  used  in  frequency  SKSI  [32, 
34,  85].  (Footnote)  (USSR  inventor’s  certificate  415,492,  U.S.  patent 
3,511,150,  British  patent  1,391,779,  British  patent,  1,442,801) 


(2) 

(3) 

(4) 

(5) 

(6) 


Figure  4.4.  Classification  of  SKSI  by  Operating  Principle 
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Phase  SKSI  [32,  34,  47,  50,  57,  82]  are  based  on  determining  the  extent 
of  the  phase  shift  between  the  signal  from  the  image  to  be  checked  and 
the  reference  signal,  introduced  for  the  origin  of  reading. 

The  misalignments  of  the  optical  image  with  respect  to  the  optical  axis 
of  the  device  are  determined  in  amplitude  SKSI  [32,  33,  34,  42,  46,  52, 
82,  83]  by  the  signal  amplitude  at  the  output  of  the  detector. 

Correlation  SIvSI  [8,  30,  32,  33,  34,  37]  are  designed  on  the  basis  of 
determining  the  time  shift  between  signals,  taken  from  the 
photodetectors,  which  are  arranged  along  the  direction  of  misalignment 
of  the  image,  or  on  analysis  of  the  shape  of  the  autocorrelation 
function  of  the  output  signal  of  the  photodetector,  with  respect  to 
which  the  image  is  displaced.  Ctorrelation  and  frequency  SKSI  find 
application  in  practice;  therefore,  let  us  consider  their  operating  and 
working  principles. 


Figure  4.5.  Static  Characteristics  of  SKSI: 
a — nonreversible ;  b — reversible 

Requirements  on  SKSI  as  an  ASSI  component.  The  image  motion  check 
system  is  designed  mainly  for  operation  in  an  automatic  image 
stabilization  system.  Its  parameters  with  respect  to  this  princiijle 
should  satisfy  the  requirements  determined  by  the  stabilization  system. 

The  image  motion  check  system  as  an  .4SSI  component  are  chai'acterized  by 
the  main  parameters  presented  below. 

1.  Output  or  in  other  words  static  characteristic.  This  is  the 
dependence  of  the  output  value  u  on  the  motion  v  of  the  image ,  i . e . ,  u 
=  f(v). 

The  working  principle  of  a  SliSI  and  its  operating  conditions  determine 
the  tjqje  of  characteristic  u  =  f(v).  It  can  be  nonreversible  (Figure 
4.5,  a)  and  reversible  (Figure  4.5,  b)  in  this  regard.  The  output 
characteristic  should  be  linear,  since  the  linearity  of  the 
characteristic  may  result  in  the  need  to  consider  the  ASSI  as  a 
nonlinear  system,  and  this  makes  calculation  and  adjustment  of  it 
difficult.  The  output  parameter  u  cam  be  analog  (direct  or  alternating 
voltage  or  current),  digital  (pulse  sequence),  code  (binary  or  other 
code)  eind  so  on  as  a  function  of  the  working  principle  of  the  SKSI  and 
ASSI. 

2.  Static  conversion  factor.  This  coefficient  is  determined  for  the 

SKSI  as  the  ratio  of  the  output  value  u  to  the  input  parameter  v  when 

the  SKSI  is  operating  in  the  static  mode  k  =  u/v. 

C  T 

The  value  of  k^^  is  determined  by  the  parameters  of  the  SKSI  components 
and  is  selected  with  respect  to  a  specific  ASSI. 
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3.  Dj'najnic  conversion  factor  or  sensitivity  of  SKSI.  This  coefficient 

is  generally  determined  in  the  following  manner:  k  =  du/dv.  It  is 

aHH 

used  to  determine  the  dynamic  properties  of  the  system  and  of  its 
sensitivity  mainly  with  small  variations  of  the  input  parameter. 

4.  The  transfer  function  W(p)  determines  the  d;s'namics  of  variation  of 
the  input  and  output  signals  of  the  SKSI,  and  can  be  represented  for 

some  SKSI  by  an  aperiodic  link  W  (/?)  --  /^r  r/(7’rH/?  +  where  T  is  the 

CK 

time  constant  of  the  SKSI. 

The  time  constant  T^  is  established  according  to  the  cutoff  frequency  of 

the  entire  ASSI,  which  is  in  turn  determined  from  the  required  dsTiamics 

of  image  motion.  The  cutoff  frequency  should  obviously  be  higher 

c 

than  the  maximum  frequency  of  the  range  of  image  motion,  while  the  time 
constant  T  should  be  considerably  less  than  the  time  constant  T  of 

the  entire  ASSI,  determined  from  y  . 

c 

5.  The  threshold  of  sensitivity  of  the  SIvSI  is  the  least  input  value, 
corresponding  to  the  minimal  velocity  Vmi„  (Figure  4.5,  b) ,  to  wiiich  the 
system  responds.  The  necessary  threshold  of  sensitivity  is  determined 
by  the  parameters  of  the  ASSI.  For  example,  the  threshold  of 
sensitivity  for  a  SKSI  operating  in  the  image  stabilization  system  of  an 
AFA  should  be  less  than  the  motion  of  the  image,  which  results  in  a 
permissible  shift  of  the  image. 

6.  The  range  of  measurement  of  the  SKSI  is  the  maximum  input  value 
(maximum  velocity  v^ax)*  bo  which  the  system  responds  without 
distortions.  The  necessary  reinge  of  measurement  is  determined  by  the 
parameters  of  a  specific  ASSI. 

4.3.  Operating  Principle  and  Classification  of  Correlation  SKSI 

Main  varieties  of  correlation  SIvSI .  It  was  noted  above  that  all 
correlation  SKSI  can  be  divided  by  operating  principle  into  two  large 
groups:  cross-correlation  and  autocorrelation.  Cross-correlation  SKSI 
can  be  divjided  by  working  principle  into  continuous  and  sampling. 

Autocorrelation  SKSI  are  in  turn  divided  into  SKSI  with  fixed  delay  time 
and  into  spectral  analyzing  SIvSI. 

The  classification  layout  of  correlation  SliSI  is  presented  in  Figure 

4.6. 
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Figure  4.6.  Classification  of  Correlation  SKST: 
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Operating  principle  of  correlation  SKSI.  Let  us  briefly  consider  the 
x^orking  and  operating  principles  of  the  main  types  of  correlation  SKSI 
A  simplified  layout  of  a  continuous  cross-correlation  SKSI  is  shown  in 
Figure  4.7,  a. 


The  objective  1  of  the  optical  system  creates  an  image  2,  located  in 
plane  xy,  which  is  the  image  plane.  Photoelements  3  ^d  4  are  arranged 
one  after  the  other  in  the  image  plane  on  axis  x  at  distance  L^. 

Photoelement  4  is  connected  to  the  regulated  delay  module  5,  while 
photoelement  3  is  connected  to  one  of  the  inputs  of  the  multiplication 
module  6.  The  multiplication  module  is  in  turn  connected  to  integrator 
7,  while  the  output  of  the  integrator  is  fed  to  the  input  of  the  extreme 
regulator  8,  controlled  by  the  delay  time  of  module  5. 


When  the  image  moves  at  velocity  v  in  the  direction  shown  by  the  arrow 
in  Figure  4.7,  a,  variable  electric  signals  ui(t)  and  U2(t)  occur  at  the 
outputs  of  the  jdiotoelements ,  and  signal  U2(t)  will  be  the  same  as 
ui(t),  but  shifted  by  the  transport  delay  time  =  L^/v.  Thus,  U2(t)  = 

=  ui (t  -  • 


The  signal  ui (t)  is  fed  to  the  input  of  module  5,  in  which  it  is  delayed 
by  time  t .  Modules  6  and  7  calculate  the  cross— correlation  function 
R(r)  of  signal  U2(t)  and  of  signal  ui(t),  delayed  by  time  r 


Ri-^) 


r  11  J  0 
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where  is  the  integration  time. 


Figure  4.7.  Continuous  Cross-Correlation  SKSI: 
a~layout  of  device;  b~type  of  correlation  function; 

1 — objective;  2 — image;  3,  4 — photoelements; 

5 — regulated  delay  module;  6 — ^multiplication  module; 

7 — integrator;  8 — extreme  regulator 

The  extreme  regulator  8  controls  the  delay  time  r  so  that  the  maximum 
function  R(r),  idiich  occurs  at  r  =  (Figure  4.7,  b),  is  always  delayed 

at  the  output  of  integrator  5.  The  motion  of  the  image  can  then  be 
determined  by  the  formula  v  = 

The  considered  cross-correlation  SliSI  permits  one  to  determine  the  speed 
upon  motion  of  the  image  in  only  one  direction.  Analog  SKSI  are  known, 
vdiich  can  be  used  to  vary  the  speed  upon  motion  of  the  image  both  in  the 
forward  and  opposite  direction.  (Footnote)  (USSR  inventor's  certificate 
822,037,  USSR  inventor's  certificate  888,043)  The  operation  of  these 
SKSI  is  based  either  on  use  of  the  constant  delay  module  of  the  signal 
from  one  of  the  photodetectors  (Footnote)  (USSR  inventor's  certificate 
888,043),  or  is  based  on  analysis  of  signals  from  photodetectors  in  tvvo 
correlators,  one  of  which  operates  upon  motion  of  the  image  in  one 
direction  and  the  other  of  which  operates  during  motion  of  the  image  in 
the  other  direction.  (Footnote)  (USSR  inventor's  certificate  822,037) 

Continuous  cross-correlation  SIvSI  can  in  turn  be  divided  into  search  and 
differential.  The  maximum  cross-correlation  function  is  found  in  search 
devices  by  using  an  extreme  regulator  through  search  oscillations  in  the 
region  of  the  maximum  cross-correlation  function  R(r).  The  maximum 
cross-correlation  R( r)  is  determined  in  differential  devices  by  taking 
the  derivative  SR{r)/iH  and  by  determining  the  point  when  this 
derivative  becomes  equal  to  zero. 

Sampling  cross-correlation  SICSI  are  based  on  establishing  the 
correlation  betxveen  the  signals  which  characterize  the  images  to  be 
checked,  when  these  signals  are  found  at  different  moments  of  time. 

These  SKSI  can  be  scanning  (Footnote)  (USSR  inventor’s  certificate 
824,055),  with  correction  on  the  photoelement  [331,  and  with  sequential 
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photography  of  sections  of  the  surface  and  with  subsequent  comparison  of 
these  photographs  [94]  on  CCD  structures  (Footnote)  (USSR  inventor  s 
certificate  718,786)  [88]  and  television  [8]  by  the  signal  processing 
method. 


Figure  4.8.  Autocorrelation  SKSI: 
a — fixed  delay;  b — regulated  delay;  c — spectral  analyzing; 
d,  e,  f— form  of  autocorrelation  functions;  1— objective; 

2— image;  3— photoelement;  4— constant  delay  module;  5— 
multiplication  module;  6 — integrator;  7 — regulated  delay 
module;  8 — regulator;  9 — frequency  spectrum  analyzer 

The  characteristic  feature  of  cross-correlation  SKSI  is  their 
comparatively  small  error,  which  can  reach  values  on  the  order  of  0.1 
percent . 

Let  us  also  consider  the  working  and  operating  principles  of  the  main 
types  of  autocorrelation  SKSI.  Simplified  layouts  of  autocorrelation 
SKSI  are  presented  in  Figure  4.8.  The  objective  1  in  each  of  these 
systems  creates  an  image  2,  Icx^ated  in  plane  xy,  which  is  the  image 
plane.  Photoelement  3  is  also  located  in  plane  xy,  and  a  small  section 
of  the  image  2  is  observed  by  using  it.  The  illumination  of  the 
photoelement  varies  upon  motion  of  the  image  at  speed  v  in  the  dir^tion 
of  axis  X,  and  a  variable  electric  signal  u(t)  is  shaped  at  its  output. 
The  type  of  autocorrelation  function  R{r)  of  signal  u(t)  varies  upon 
variation  of  the  speed  v  of  the  image,  and  this  permits  one  to  determine 
the  speed  v  by  the  parameters  of  the  autocorrelation  function 
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(T)  =  J'  tt  (/)  »  (/  _  r)  dt. 
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where  f  is  the  delay  time  of  the  signal  u(t). 

The  signal  u(t)  from  the  output  of  photoelement  3  is  delivered  to  the 
constant  delay  module  4  and  to  multiplication  module  5  in  the  layout  of 
a  fixed  delay  SICSI  (Figure  4.8,  a).  The  signal  u(t)  is  delayed  in 
module  4  for  a  fix'ed  delay  time  The  product  u(t)u(t  -  r)  is 

calcualted  in  module  5.  The  signal  is  fed  from  module  5  to  integrator 
6,  at  the  output  of  which  the  signal  of  autocorrelation  function  R(r.) 

$ 

is  shaped.  The  form  of  the  autocorrelation  functions  of  the  signal  u(t) 
for  different  speeds  v  of  image  motion  is  shown  in  Figure  4.8,  d.  Thus, 
the  speed  v  can  be  determined  from  signal  R( r. )  at  known  value  of  r, . 

$  4> 


The  signal  u(t)  is  fed  from  the  output  of  photoelement  3  to  the 
regulated  delay  module  7  and  to  multiplication  module  5  in  the  layout  of 
a  regulated  delay  SKSI  (Figure  4.8,  b) .  A  constant  value  of  the 
autocorrelation  function  Ri(r)  is  maintained  at  the  output  of  the 
integrator  6  in  this  device.  This  is  achieved  through  regulator  8, 

;diich  controls  the  delay  time  r  of  signal  u(t)  in  module  7.  The  speed  v 
of  image  motion  can  be  determined  by  the  delay  time  (Figure  4.8,  e). 


^isnal  u(t)  is  fed  from  the  output  of  photoelement  3  to  the  analyzer  9 
of  frequency  spectrum  i-  of  the  electric  signal  in  a  spectral  analyzing 
SKSI  (Figure  4.8,  c).  « 


The  form  of  spectra  F(u')  of  signal  u(t)  for  different  speeds  v  of  image 
motion  is  shoiNn  in  Figure  4.8,  f.  The  speed  v  of  image  motion  is  judged 
in  devices  of  this  tjqje  by  the  maximum  of  spectrum  F(  ii')  or  by  frequency 
corresponding  to  this  maximum. 


Autocorrelation  SKSI  are  considerably  inferior  in  accuracy  to 
cross-correlation  SIffll .  The  error  of  autocorrelation  devices  can  reach 
values  on  the  order  of  5  percent  and  it  increases  sharply  as  the  speed 
of  image  motion  decreases.  A  considerable  disadvantage  of 
autocorrelation  SKSI  is  the  lack  of  possibility  of  determining  the 
direction  of  motion  of  the  image.  All  correlation  SKSI  have  a  number  of 
significant  common  deficiences  that  sharply  limit  their  application. 

The  main  ones  of  them  are  considerable  complexity,  the  presence  of  a 
time  delay  during  measurement,  and  the  effect  of  transverse  misalignment 
of  the  image  on  the  measurement  result. 
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4.4.  Operating  Principle  and  Classification  of  Frequency  SKSI 

Operating  principle  of  frequency  SIvSI .  The  operating  principle  of  this 
type  of  SKSI  includes  spatial  filtration  of  the  elements  of  the  optical 
image  using  special  optical  filters  (modulators)  and  in  determination  of 
the  electric  signal,  the  frequency  of  which  is  proijortional  to  the 
motion  speed  of  the  image. 


Figure  4.9.  Working  Principle  of  Receiving  Part  of  SliSI: 
a — composition  of  receiving  jjart;  b — sample  form  of  signal 
at  output  of  photoelement;  1 — spatial  filter  (modulator); 

2 — optical  image  of  object;  3 — photoelement 

The  main  elements  of  this  SKSI  (Figure  4.9,  a)  are  a  modulator  1  and  a 
photoelement  3,  located  behind  the  modulator.  The  optical  system  shapes 
an  image  2  of  the  object  in  the  image  plane  xy.  The  image  2  can  be 
moved  with  respect  to  coordinates  xy  at  some  speed  v \ .  Modulator  1  is 
(generally)  an  optical  structure,  consisting  of  parallel  transparent  and 
opaque  sections,  of  equal  width,  located  in  plane  xy.  The  modulator  can 
be  fixed  or  can  be  moved  with  respect  to  coordinates  xy  at  speed  V2.  A 
luminous  flux  $i ,  which  shapes  image  2,  is  fed  from  the  optical  system. 
The  luminous  flux  $2,  traveling  through  modulator  1,  impinges  on 
photoelement  3.  Signal  u^  at  the  output  of  photoeleraent  3  carries 

information  about  the  relative  speed  v  of  image  motion  2  and  of 
modulator  1.  Let  us  briefly  consider  the  physical  principles  that  are 
the  basis  of  operation  of  this  SKSI .  It  is  known  that  the  brightness 
function  B(q^)  of  the  space  of  objects  is  reflected  and  diffuse- 

scattered  emission  of  the  surface  of  the  object.  Brightness  functions 
B(qj^)  of  the  object  corresponds  to  the  field  of  illumination  E(qjj), 

joined  with  it,  in  the  image  space  of  the  optical  system.  The  function 
Eiqg) ,  random  in  nature,  is  frequently  considered  stationary  [43,  69, 

90]  to  simplify  the  mathematical  representation  and  it  can  then  be 
represented  in  the  form  of  function  E(x,  y). 

This  stationary  field  of  illumination  or  in  other  w'ords  the  field  of 
signals  for  the  image  plane  can  be  described  most  fully  by  a  correlation 
function  of  the  following  type  [14,  48,  69]: 
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where  x,  y,  Ax,  aind  Ay  are  the  maximum  values  and  increments  of  the 
coordinates  of  a  square-tA^ive  frame,  to  the  center  of  which  the 
coordinate  system  is  bound. 

The  following  integral  Fourier  transform  is  used  to  describe  the 
statistical  properties  of  the  signal  field  E(q^)  in  the  frequency  range 

to  the  correlation  function 


Sk  (o>a-,  «„)  -  J I  Kj;  {^x,  Ay)  e"'  d  (A.v)  d  (Ay). 


Tvhere  o)^  =  2jtv.^;  (»„  —  2jTVy,  and  Vx  and  Vy  are  the  spatial  frequencies 
that  determine  the  distribution  of  parameters  in  directions  x  and  y. 

Function  u  )  is  the  spectral  density  of  dispersion  of  the  signal 

field  in  the  image  plane,  created  by  the  optical  system.  This  function 
is  also  called  the  spectraJ.  power  density  of  the  signal  or  the  Hinchin- 
Wiener  spectrum. 

The  relations  and  graphs  of  the  Hinchin-Wiener  spectra  for  different 
physical  objects:  the  sky  background,  urban,  rural,  and  forest 
landscapes  and  so  on,  have  been  presented  in  a  number  of  papers  (48,  84, 
91].  The  modulator  1  in  the  layout  presented  in  Figure  4.9,  a  is 
essentially  a  spatial  filter  for  the  radiation  passing  through  it  and 
impinging  on  photoelement  3.  It  is  knoivn  that  the  SKSI  is  intended  to 
check  the  parameters  of  motion  of  the  image  and,  therefore,  the  signal 
field  E(qjj)  can  be  represented  at  E(x,  y,  t). 

The  spatial  filter  has  the  weight  function  W(x,  y,  t)  and  can  be 
represented  by  a  direct  Fourier  transform 


IF  (/CO,.,  j«)y,  /(•),) 


IF  (a-,  y,  0  e 


dxdijdi. 


—  00 
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where  \\"  /o),,.  /(Oj)  is  the  frequency  characteristic  of  a 

multidimensional  frequency  or,  in  other  words,  a  frequency  transfer 
function. 

The  luminous  flux  $2 1  passing  through  modulator  1 ,  impinges  on 
photoelement  3  and  generates  an  electric  signal  u^.  The  following 

relation  can  be  written  with  regard  to  the  fact  that  the  parameters  of 

the  system  are  dependent  on  time  t:  «,[,  (/)  —  /e,,,0  (/). 

The  luminous  flux  at  the  output  of  the  photoelement  can  generally  be 
represented  by  the  expression 


0  (0  ^  £  (.V,  tj,  i)  W  (x,  y,  /)  dx  dy. 


The  luminous  flux  at  the  input  of  the  photoelement  and  the  corresponding 
signal  at  the  output,  after  the  corresponding  transformations  ?vhich  are 
not  presented  here,  can  be  represented  in  frequency  form  by  the 
followia?  expressions: 


0  (/«()  = 


^  1—  f  f  f  £  (/(o.^,  /«„)  W  (/o),v,  yo)„)  e  '  ‘  doh  0o„  rfo),: 


(4.2) 


ihh)  = 


-1-00 


(4.3) 


Expression  (4.3)  indicates  that  the  spectrum  of  the  light  signal  at  the 
output  of  the  modulator  and  the  spectrum  of  the  electric  signal  at  the 
output  of  the  photoelement  are  essentially  determined  by  multiplication 
of  the  independent  spectra  of  complex  conjugate  spatial-frequency 

spectrum  of  the  image  g  (/to*.  /oj„)  spatial-frequency  spectrum 

of  the  modulator  \V  (/co^.,  /Wy)  and  are  dependent  on  the  relative  motion 

speed  of  the  image  and  modulator  (vj  -  V2 ) .  Thus,  one  can  judge  the 
motion  speed  of  the  image  by  the  frequency  of  the  electric  signal  at  the 
output  of  F^otoelement  3  (Figure  4.9,  b) ,  located  behind  modulator  1. 

An  ordinarily  raster  optical  element,  having  brightly  marked  flash  of 
the  spatial-frequency  sj)ectrum  at  frequency  that  creates  optimal 
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conditions  for  modulation  of  the  luminous  flux#  is  ordinarily  used  as  a 
modulator . 


(1) 
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Figure  4.10.  Classification  Frequency  SivSI 


KEi'; 

1.  Frequency  SKSI 

2.  With  spatially  fixed  modulator 

3.  With  optical  modulator 

4.  With  stepped  weight  function  of  modulator 

5.  With  harmonic  weight  function  of  modulator 

6.  With  modulator  on  photoelectric  nonswitchable  matrix 

7.  With  fiber  optic  modulator  and  with  nonswitchable 
photoelements 

8.  With  spatially  fixed  modulator 

9.  With  optomechanical  modulator 

10.  With  modulator  on  photoelectric  switched  array 

11.  With  modulator  on  optical  fibers  and  with  switched 
photoelements 

Raster  arrays  of  different  configuration  are  used  as  fixed  and  moving 
modulators  [85].  (Footnote)  (USSR  inventor's  certificate  415,492,  U.S. 
patent  3,511,150,  British  patent  1,391,779,  British  psitent  1,442,801) 
Modulators  can  be  conditionally  divided  into  those  with  stepped  weight 
function,  the  arrays  of  which  are  made  with  transparent  or  opaque  zones 
of  equal  width  f85],  and  into  modulators  with  harmonic  weight  functions. 
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the  arrays  of  which  have  harmonic  distribution  of  transparency  [141  as  a 
function  of  the  nature  of  the  ratio  of  transparent  and  opaque  sections 
of  modulators. 

Fixed  and  moving  modulators  are  mostly  made  in  the  form  of  an  optical 
element,  independent  of  the  photodetector — of  a  transparent  plate  or 
disk  with  raster  elements  applied  to  the  surface*  Devices  have  appeared 
recently  that  combine  the  raster  and  photodetector  in  their  design. 

These  are  usually  a  special  photo  array,  containing  a  specific  number  of 
identical  strip  photoelement.  (Footnote)  (USSR  inventor's  certificate 
1,037,178)  A  specific  combination  of  fiber  light  guides  [90]  and  other 
devices  can  also  be  used  as  the  raster. 

4.5.  Working  and  Operating  Principles  of  Frequency  3KSI 

System  with  spatially  fixed  ox>tical  modulator.  The  functional  diagram 
of  the  simplest  SICSI  of  this  type  is  shown  in  Figure  4.11,  a.  The 
objective  1  ci'eates  an  image  2  of  the  object  in  plane  xy,  which  is  the 
image  plane  in  the  given  case.  A  modulator  3,  vdiich  is  a  r*aster  array, 
consisting  of  transparent  and  opaque  strips  of  identical  width  a,  is 
also  locatexi  in  image  plane  xy.  The  transparent  and  opaque  strips  of 
the  raster  form  the  so-called  spatial  period  of  the  array  1^  =  2a. 

A  fixed  modulator  with  stepped  weight  function  or,  in  other  words,  a 
fixed  spatial  filter  is  used  in  the  given  layout.  A  converging  lens  4 
is  located  behind  the  modiilator,  vdiile  a  photoelement  5,  connected  to 
the  input  of  the  filter  6,  is  located  behind  it.  The  filter  6  is 
connected  to  an  amplification-shaping  section  7  and  it  is  in  turn 
connected  to  measuring  section  8,  as  which  a  frequency  meter  can  be 
used. 


The  image  2  of  the  object  moves  with  resj^ect  to  the  array  3  at  speed 
V  =  wiiere  v^  is  the  motion  speed  of  the  object  with  respect  to 

the  objective  and  H  is  the  distance  from  the  objective  to  the  object. 


Light  is  modulated  by  the  structural  elements  of  the  image  2  when  the 
image  2  moved  with  respect  to  the  modulator  array  3.  The  modulated 
light  is  collected  by  a  lens  4  and  is  sent  to  photoelement  5,  The 
modulation  frequency  is  generally  equal  to  =  1/T,  where  T  is  the 
period  of  variation  of  the  illumination  on  the  photoelement,  and  T  = 


Figure  4*11.  System  With  Fixed  Optical  Modulator: 
a — SIvSI  with  modulator  having  stepped  weight  function; 
b — shape  of  signals;  c — modulator  with  harmonic  weight 
function;  1 — objective;  2 — image;  3 — modulator;.  4 — 
converging  lens;  5 — photoelement;  6 — filter;  7 — 
amplification-forming  link;  8 — measuring  link 


Thus ,  V 


i.e.,  the  motion  speed  of  the  image  is  proportional 


to  the  sx>atial  period  or  step  1^  of  the  raster  (of  the  spatial  filter  or 

modulator)  and  to  the  frequency  r  of  variation  of  the  signal  u^  at  the 

output  of  photoelement  5.  The  shape  of  the  signal  u^  generally  is 

complicated,  similar  to  that  presented  in  Figure  4.11,  b.  The  signal 
contains  a  constant  or  slowly  variable  component  u^^  of  background  noise 

and  a  variable  component  containing  frequency  r,  proportional  to 

the  speed  v  of  the  image.  Besides  the  fundamental  frequency  r,  signal 
also  contains  other  higher  frequencies,  which  are  noise  in  the  given 

case.  The  constant  component  u^^  and  the  high  frequencies  are  cut  off 

by  filter  6,  and  signal  with  frequency  r  is  formed  at  its  output. 

The  amplification  shaping  section  7  converts  signal  Ui}  to  signal  u;, 
having  the  shape  of  a  square  wave  of  constant  amplitude.  Measuring 
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section  8  measures  the  frequency  r  or  phase  shift  of  the  signal  u,- , 
proportional  to  the  motion  speed  v  of  the  image. 

A  modulator  with  harmonic  weight  function  of  the  array,  i.e.,  with 
harmonic  distribution  of  the  transparency  of  the  array  along  its  length, 
is  shown  in  Figure  4.11,  c  114].  The  use  of  this  modulator  permits  one 
to  obtain  a  signal  u^  ivith  somewhat  smaller  noise  spectrum  at  the  output 

of  photoelement  5.  However,  the  complexity  of  manufacturing  these 
modulators  in  the  presence  of  filter  6  frequently  makes  their  use 
unfeasible. 


Figure  4.12.  System  With  Fixed  Optical  Modulator 
and  With  Compensation  of  Background  Noise; 
a — SKSI  device;  b — shape  of  signal;  1 — objectives; 

2 — image;  3 — modulators;  4 — converging  lenses; 

5 — photoelements;  6 — differential  amplifier; 

7 — former;  8 — measuring  section 

Rather  many  SIvSI  and  other  devices,  similar  or  close  to  that  considered, 
are  knoj-m  [34,  35,  77,  81,  84,  85].  (Footnote)  (USSR  inventor’s 
certificate  415,492,  British  patent  1,442,801)  A  significant 
disadvantage  of  most  of  these  devices  is  the  effect  of  rather 
significant  constant  or  sloxvly  variable  brightness  background  of  the 
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object  or,  in  other  words  of  background  noise  on  their  operation.  This 
effect  can  be  eliminated  by  some  complication  of  the  above  SKSl.  An 
example  of  this  device  is  shown  in  Figure  4.12,  a.  Two  identical  images 
2  of  the  object  are  projected  to  plane  xy.  This  is  achieved  by  using 
two  identical  objectives  1  or  one  objective  wdth  semitransparent  mirror 
at  the  output.  Two  identical  SKSI,  similar  to  that  shox>n  in  Figure 
4.11,  a,  are  essentially  used,  but  the  arrays  of  the  modulators  3  are 
shifted  one  x^;ith  respect  to  the  other  by  half  their  spatial  period  Ip, 

i.e.,  by  value  a  in  the  direction  of  axis  x.  Signals  are  fed  from  the 
outputs  of  photoelements  5  to  the  inputs  of  differential  amplifier  6. 
When  both  images  move  at  speed  v,  signals  u^.  and  ^^2^  containing  a 

constant  or  slowly  variable  component  u^,  of  the  background  noise,  and 

variable  components  ^'4>2’  identical  in  shape,  but  shifted  one 

with  respect  to  the  other  by  half  their  period  T  (Figure  4.12,  b),  occur 
at  the  output  of  the  photoelements.  The  components  u^^  are  mutually 

compensated,  while  components  are  added  in  the  differential 

amplifier  6,  yielding  the  resulting'  signal  ug ,  wrhose  frequency  is 
proportional  to  the  motion  speed  v  of  the  image,  at  the  output  of 
amplifier  6.  Signal  Ut3  is  then  transformed  in  former  7  (as  in  the  case 
of  the  SKSI  shown  in  Figure  4.11)  and  is  fed  to  the  input  of  measuring 
section  8. 

A  variety  of  the  previous  SICSI,  designed  for  determination  of  the  angle 
of  rotation  f  of  the  vector  of  the  motion  speed  v"  of  the  image  upon 
relative  angular  misalignment  of  the  axis  x  of  the  image  plane  of  the 
device  toward  the  direction  of  motion  of  the  object,  is  shown  in  Figure 
4.13.  Modulator  3  consists  of  two  identical  patterns,  inclined  at  angle 
7  ot  axis  y  and  placed  in  the  image  plane  xy.  If  the  direction  of 
misalignment  of  the  image  2  coincides  with  axis  x,  then  f  =  0  and 
frequencies  i'\  and  i/^  of  signals  u^^  and  ^^2^  generated  by  photoelements 

5,  wdll  be  equal  to 


V  cos  Y//j: 


If  f  0,  then 


Vi  -  v'  cos  (y  -) 
v.,  v'  cos  (Y  — 

It  is  not  obligatory  that  Vj  =  v' .  Signals  u^  and  u\  carry  frequencies 
and  1^2  from  the  outputs  of  amplifier- forming  modules  6  and  are  fed  to 
the  inputs  of  the  frequency  comparison  module  7.  This  mcodule  performs 
the  operation  of  frequency  comparison  and  signal  u;  from  its  output  is 
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fed  to  the  input  of  measuring  section  8,  where  the  following  rotational 
angle  is  determined 


/ 


Figure  4.13.  SKSI  With  Fixed  Optical  Modulator: 

1 — objective;  2 — image;  3 — modulators;  4 — converging 
lenses;  5 — photoelements;  6 — amplification-forming 
modules;  7 — frequency  comparison  module;  8 — measuring 

section 

System  V'?ith  spatially  fixed  modulator  on  photoelectric  unswitched  array. 
The  main  disadvantages  of  the  SKSI  with  optical  modulators  are  their 
large  overall  dimensions  and  mass  and  also  the  inability  to  determine 
the  direction  of  misalignment  of  the  image.  The  use  of  modern 
photoelectronics  and  microelectronic  technology  permit  one  to  develop 
SKSI  with  small  dimensions  and  mass.  Combining  the  modulator  and 
photoelement  in  one  assembly — a  photoelectric  array,  ubich  is  a 
ccmbination  of  a  large  number  of  identical  narrow  and  parallel 
photoelements  on  a  single  flat  substrate — yields  especially  effective 
results.  A  simplified  functional  diagram  of  a  SKSI,  based  on  the  use  of 
this  photoarray,  is  presented  in  Figure  4.14,  a.  The  objective  1  forms 
the  image  2  in  plane  xy.  Photoelectric  array  3,  which  is  a  special 
photoelement  that  consists  of  a  large  number  of  N  identical  strip 
elements,  is  located  in  this  same  plane;  each  element  has  width  3  2ind 
length  B.  The  length  of the  photoarray  is  A  =  Nd.  These  strip 
photoelements  are  generally  combined  in  four  groups  as  is  shoi^jn  in 
Figure  4.14,  a.  Leads  a,  b,  c,  and  d  of  the  groups  of  strip 
photoelements  are  joined  to  the  inputs  of  four  identical  adders  4-7 . 

The  outputs  of  the  adders  are  connected  to  the  inputs  of  differential 
amplifiers  8  and  9.  The  outputs  of  amplifiers  8  and  9  are  connected  to 
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Figure  4.14.  SKSI  With  Spatially  Fixed  Modulator  on 
Unswitched  Photoelectric  Array:  a — SKSI  device;  b — 
connection  of  photoarray  components;  1 — objective; 

2 — image;  3 — photoarray;  4-7 — address;  8,  9 — differential 
amplifiers;  10 — phase  discriminator;  11 — measurement 
module 
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the  two  inputs  of  measuring  module  11,  and  the  output  of  amplifier  8  is 
connected  directly  to  the  first  input  of  module  11,  w'hile  a  signal  is 
fed  to  its  second  input  from  amplifiers  8  and  9  through  phase 
discriminator  10.  Joining  photoarray  3  to  adders  4-7,  shown  in  Figure 
4.14,  a,  is  equivalent  to  simultaneous  use  of  four  identical  fixed 
optical  pattern  arrays,  having  spatial  period  1  and  specifically 


misaligned  one  with  respect  to  the  other  in  the  direction  of  axis  x. 

The  form  of  the  equivalent  arrays  and  their  mutual  shift  are  shown  in 
Figure  4.14,  b.  Leads  a  and  b  of  photoarray  3  are  connected  to  adder  4 
and  leads  c  and  d  are  connected  to  adder  5.  IH'^o  identical  pattern 
arrays,  shifted  one  with  respect  to  the  other  by  half  their  spatial 
period  Ip,  are  created  from  the  elements  of  the  photoarray.  These 

equivalent  arrays  are  shown  by  the  cross-hatched  sections  of  the  array 
in  the  first  two  diagrams  (Figure  4.14,  b) .  Leads  b  and  c  of  photoarray 
3  are  connected  to  adder  6,  while  leads  d  and  a  are  connected  to  adder 
7.  livo  additional  arrays,  shifted  one  with  respect  to  the  other  by  half 
the  period  Ip  and  with  respect  to  the  first  pair  of  arrays  by  one-fourth 

the  period  1  ,  are  formed  from  the  elements  of  the  photoarray.  These 

P 

equivalent  arrays  are  shown  by  the  last  two  diagrams  in  Figure  4.14,  b. 


The  SKSI  operates  in  the  following  manner.  When  the  image  2  moves  at 
speed  V  along  axis  x,  the  elements  of  the  image  are  modulated  by  the 
connected  elements  of  the  equivalent  pattern  arrays  of  photoarra^-  3  and 

signals  "jir  txrcur  at  outputs  a,  b,  c  and  d.  These  signals 

are  added  by  adders  4-7  and  signals  U4-U7,  which  contain  the  constant 
component  of  the  background  noise  and  the  variable  component  with 
frequency*  proportional  to  speed  occur  at  the  outputs  of  the  adders. 
The  same  as  in  the  case  of  the  SKSI  presented  in  Figure  4.12,  the 
constant  components  are  mutually  comjiensated  in  differential  amplifiers 
8  and  9,  while  the  variable  components  are  added,  yielding  signals  u> 
and  uo  at  the  outputs  of  the  amplifiers.  The  phase  discriminator  10 
permits  one  to  determine  the  mutual  variation  of  the  phase  of  signals  us 
and  ug  upon  variation  of  the  direction  of  motion  of  the  image,  making 
the  SKSI  sensitive  to  the  direction  of  motion  of  the  image.  Signals  ug 
and  uio  are  fed  to  the  inputs  of  measuring  module  11,  the  value  of  the 
output  signal  ui 1  of  which  is  proportional  to  speed  v,  while  the  sign  is 
proportional  to  the  direction  of  misalignment  of  the  image. 


A  pattern  of  the  same  design  having  constant  step,  or  in  other  v?ords 
spatial  period  Ip  is  used  as  the  modulator  in  the  above  SKSI .  This 

pattern  is  a  narrow- tuned  spatial  filter.  The  optimal  modulation 
conditions  of  the  image  elements  by  this  pattern  occurs  when  half  the 
step  of  the  array  is  equal  to  or  close  to  the  mean  dimensions  of  the 
most  frequently*  encountered  parts  of  the  image.  The  modulation 
conditions  deteriorate  considerably  and  the  useful  signal  at  the  output 
of  the  photoelement  decreases  sharply^  or  disappears  altogether  if  there 
are  no  image  parts  with  these  dimensions.  The  strip  photoelement  arrays 
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permit  one  to  develop  a  SKST  free  of  this  deficiency.  Let  us  consider 
the  working  and  operating  principles  of  one  of  these  SliSI.  A  simplified 
diagram  of  the  SKSI  is  presented  in  Figure  4.15.  Objective  1  forms  an 
image  2  in  the  image  plane,  coinciding  with  the  axes  of  coordinates  xy. 


Figure  4.15.  SKSI  With  Spatially  Fixed  Multifrequency 
Modulator  on  Unswitched  Photoelectric  Array: 

1 — objective:  2 — image;  3 — photoarray;  4,  5,  6 — 
differential  amplifiers;  7,  8 — frequency  dividers; 

9,  10,  11 — frequency- to-voltage  conversion  modules; 

12 — maximum  voltage  separation  module 


Photoelectric  array  3,  which  is  a  special  photoelement  which  consists  of 
a  large  number  of  N  identical  strip  photoelements,  is  located  in  the 
same  plane.  The  outputs  of  these  photoelements  are  connected  to  the 
direct  and  inverse  inputs  of  differential  amplifiers  4,  5  and  6.  The 
number  of  m  differential  amplifiers  should  generally  be  m^  <  logo  N, 


but  m.. 


=  3  for  simplification  of  the  diagram  in  Figure  4.15. 


The 


outputs  of  differential  amplifiers  4,  5,  and  6  are  directly  connected  to 
the  frequency- to-voltage  conversion  modules  9,  10,  and  11  (amplifier  4) 
or  through  freqxiency  dividers  7  and  8  (amplifiers  5  and  6).  Thus,  the 
number  of  m  frequency  dividers  is  equal  to  m^  =  niy  -  1.  The  outputs  of 


modules  9,  10,  and  11  are  connected  to  the  maximum  voltage  determination 
module  12.  Moreover,  the  SKSI  oj^erates  in  the  following  manner.  The 
signal  determined  by  the  background  noise  of  this  photoelement  will 
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occur  at  the  output  of  each  strip  photoelement  upon  motion  of  image  2 
along  photoarray  3.  The  outputs  of  the  strip  photoelements  are 
connected  to  the  inputs  of  differential  amplifiers  4,  5,  and  6. 

Moreover,  photoelements  with  odd  ordinal  number  are  connected  to  the 
direct  inputs  of  amplifier  6,  while  photoelements  with  even  ordinal 
number  are  connected  to  the  inverse  inputs  of  this  amplifier.  If  the 
total  signal  through  the  direct  inputs  of  this  differential  amplifier  is 
considered  upon  motion  of  the  image  along  axis  x,  the  signal  will 
contain  a  smoothly  variable  component,  determined  by  the  background 
noise,  and  a  variable  component  of  frequency  i'\,  determined  by 
modulation  of  image  elements  2  of  the  equivalent  pattern  array,  ubich  is 
organized  by  connection  of  photoelements  with  odd  ordinal  numbers  to 
direct  inputs  of  amplifier  6.  The  si>acing  1^^  of  the  equivalent  pattern 

array  is  determined  as  1  ,  =  2d. 

The  frequency  of  the  variable  component  of  the  signal  is  then  i'ound  by 
the  formula  -  v 

The  total  signal  along  the  inverse  inputs  of  this  differential  amplifier 
will  also  contain  a  smoothly  variable  component ,  determined  by  the 
background  noise,  which  is  identical  to  the  same  signal  comjxjnent  along 
the  direct  inputs,  and  a  variable  frequency  component  /q  ,  caused  by 
modulation  of  the  image  elements  by  elements  of  the  equiv'alent  pattern 
array,  which  is  arranged  by  connecting  the  photoelements  with  even 
ordinal  number  to  the  inverse  inputs  of  amplifier  6.  The  variable 
components  of  the  total  signals  along  the  direct  and  inverse  input  of 
differential  amplifier  6  will  be  shifted  by  half  the  period  \sith  respect 
to  each  other,  since  the  equivalent  pattern  arrays  are  shifted  by  half 
the  spatial  period  ^p|*  Th<^  constant  component  is  destroyed  and  the 

amplitiKle  of  the  variable  signal  component  is  doubled  in  the 
differential  amplifier. 

Let  us  now  consider  differential  amplifier  5.  Photoelements  with 
ordinal  numbers  1,  2,  5,  6,  9,  10  and  so  on  are  connected  to  its  direct 
inputs,  while  photoelements  \sdth  ordinal  numbers  3,  4,  7,  8,  11,  12  and 
so  on  are  connected  to  the  inverse  inputs.  The  spacing  of  the 

equivalent  raster  arrays  for  amplifier  5  will  be  equal  to  /„2  =  4t  -2/,„. 

The  image  elements  will  also  be  modulated  by  elements  of  the  equivalent 
pattern  arrays,  created  by  the  above  connection  of  photoelements  to  the 
inputs  of  amplifier  5,  upon  motion  of  the  image  2  along  photo  array  3. 
The  constant  signal  component  will  also  be  compensated  and  the 
amplitudes  of  the  variable  component  will  be  added,  and  the  frequency 
signal  U5  will  exist  at  the  output  of  this  amplifier 


V2  =  =  JL  ^ 

^(12  4d 


c 
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Let  us  consider  t.he  action  of  differential  amplifier  4.  Photoelements 
with  ordinal  numbers  1,  2,  3,  4,  9,  10,  11,  12,  17,  18,  19,  20  and  so  on 
are  connected  to  its  direct  inputs,  while  photoelements  with  ordinal 
numbers  5,  6,  7,  8,  13,  14,  15,  16,  21,  22,  23,  24  and  so  on  are 
connected  to  the  inverse  inputs.  The  spacing  of  the  equivalent  arrays 
will  then  be  equal  to  Ip^  =  8d  =  41p^  and  the  following  signal  frequency 

signal  U4  will  exist  at  the  output  of  amplifier  4  upon  motion  of  the 
image  2  along  photoarray  3 


V  V  _  V  _  Vi 

'’8  "  "Tjir  ~  ‘85'  “  4/,„  “  4  • 


The  frequency  dividers  are  connected  to  the  outputs  of  all  the 
differential  amplifiers  {except  the  first).  The  division  factor  p  of 
each  frequency  divider  is  determined  by  the  ordinal  number  of  the 
differential  amplifier  to  \diich  it  is  connected  and  is  equal  to 


nm-i 

pi  —  ^  y 

where  i  is  the  ordinal  number  of  the  frequency  divider,  equal  to  the 
ordinal  number  of  amplifier • 

If  the  harmonic  signals  existed  at  the  outputs  of  all  the  differential 
amplifiers,  frequency  signals  would  have  existed  at  the  outputs  of 
the  frequency  dividers.  The  optimal  modulation  conditions  of  the  image 
elements  by  elements  of  equivalent  pattern  arrays  are  obserx^ed  when  half 
the  spacing  of  the  array  is  equal  to  or  close  to  the  main  dimensions  of 
the  most  frequently  encountered  parts  of  the  image.  Thus,  the 
qualitative  harmonic  signal  whose  frequency  is  determined  by  the  motion 
speed  of  the  image  will  exist  at  a  specific  moment  of  time  at  the  output 
of  the  differential  amplifer,  on  the  basis  of  which  the  equivalent 
pattern  array  with  spacing  optimal  for  a  given  image  is  created.  A 
harmonic  signal  of  lesser  amplitude  will  exist  at  the  output  of  the 
other  differential  amplifiers,  and  the  signal  will  even  possibly 
disapp)ear  at  individual  moments  of  time.  Upon  motion  of  the  image,  its 
structure  within  the  photoarray  varies  continuously,  the  optimal 
modulation  conditions  will  be  created  alternately  for  different 
equivalent  pattern  arrays,  and  the  stable  harmonic  signal  will  exist  at 
the  outputs  of  the  different  amplifiers.  Frequency  signal  will  exist 
at  the  output  of  the  frequency  divider,  connected  to  the  differential 
amplifier  with  spacing  of  the  array,  optimal  for  the  given  moment. 
Unstable  frequency  signals,  the  mean  value  of  which  is  less  than  or 
equal  to  frequency  w'ill  occur  at  this  moment  of  time  at  the  outputs 
of  the  other  frequency  dividers.  A  voltage  proportional  to  and 
accordingly  prop>ortional  to  the  motion  speed  v  of  the  image  wdll  then 
exist  at  the  output  of  the  frequency- to-voltage  conversion  module, 
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connected  to  the  frequency  divider,  at  the  output  of  which  frequency 
signal  i'm  exists.  Smaller  voltages  will  occur  at  the  outputs  of  the 
other  frequency- to- voltage  conversion  modules.  The  signal  ui^, 
proportional  to  frequency  and  to  speed  v,  will  then  exist  at  the 
output  of  the  maximum  voltage  determination  module  12. 


Figure  4.16.  Working  Principle  of  Detecting 
Part  of  SKSI  on  Fiber  Optic  Light  Guides: 

1 — objective;  2 — cylindrical  lens;  3 — image; 

4 — fiber  light  guides;  5 — bundle  of  light 
guides;  6 — collecting  lens;  7 — photoelement 

System  with  spatially  fixed  modulator  on  optical  fibers  and  unswitched 
photoelements.  It  is  sometimes  convenient  for  practical  application  of 
the  SKSI  to  use  a  photodetector  based  on  fiber  light  guides.  Besides 
the  purely  structural  advantages,  this  device  may  have  greater 
sensitivity  compared  to  a  SKSI,  based  on  the  use  of  photoelectric  strip 
arrays,  since  photoelements  of  very  high  sensitivity  {photoelectronic 
amplifiers,  cooled  photodiodes  and  so  on)  can  be  used  in  it. 

Such  a  photodetector,  which  operates  in  combination  with  the  electric 
circuit  presented  in  Figure  4.14,  a,  is  shown  in  Figure  4.16.  The 
objective  1  forms  an  image  3  in  plane  xy.  Cylindrical  lens  2  compresses 
the  image  along  axis  y.  The  ends  of  fiber  light  guides  4,  each  of  which 
has  diameter  d,  are  arranged  in  one  row  along  axis  x  in  plane  xy.  The 
opposite  ends  of  the  light  guides  are  collected  into  four  identical 
bundles  5.  Collexi^ting  lenses  6,  which  collect  the  luminous  fluxes 
emerging  from  the  ends  5  to  photoelements  7,  are  located  near  the  ends 
of  the  bundles. 
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The  considered  photodetector  is  connected  to  the  circuit  presented  in 
Figure  4.14,  a,  to  points,  a,  b,  c,  and  d  instead  of  photoarrays  3.  The 
action  of  this  SKSI  is  similar  to  that  of  the  SKSI  presented  in  Figure 
4.14. 


Figure  4.17.  Working  Principle  of  Photodetector  Part  of 
SI^SI  With  Spatially  Fixed  Optical -Mechanical  Modulator: 
a — with  helical  pattern  array;  b — with  radial  pattern  array; 

1 — objective;  2 — image;  3 — modulator  disk;  4 — diaphragm; 

5 — diaphragm  window;  6 — electric  motor;  7 — collecting  lens; 

8 — photoelement 

System  with  spatially  movable  optical  modulator.  Systems  with  spatial 
movable  filters  or,  as  they  are  also  called,  with  spatially  mo^'able 
modulators,  are  a  further  development  of  the  SKSI  considered  earlier 
with  spatially  fixed  modulators.  Their  advantages  are  increased 
sensitivity  and  the  capability  of  determining  the  direction  of 
misalignment  of  the  image. 

A  number  of  these  SKSI  is  known  134,  41,  771,  which  differ  by  the 
modulator  and  by  the  signal  processing  circuit.  (Footnote)  (British 
patent  1,391,779,  U.S.  patent  3,511,150)  Let  us  consider  the  working 
and  operating  principles  of  one  of  these  SKSI,  which  permit  one  to 
measure  the  motion  speed  of  the  optical  image  upon  displacement  of  it 
along  two  mutually  perpendicular  axes  xy  in  both  directions  along  each 
axis.  Before  turning  to  consideration  of  the  SKSI,  let  us  become 
familiar  with  the  working  principle  of  its  photodetector  p8u:'t,  which 
contains  a  moving  optical-mechanical  modulator. 

Tivo  variants  of  the  photodetector  of  the  SKSI  with  spatially  movable 
optical  disk  modulator  having  spiral  (a)  and  radial  (b)  pattern  are 
shown  in  Figure  4.17.  Each  of  these  varieties  of  these  photodetecting 
part  has  the  following  common  elements:  objective  1,  which  creates  the 
image  2  of  the  object  in  image  plane  xy,  a  modulator  disk  3  with  spiral 


160 


or  radial  pattern  pattern  applied  to  it,  fixed  diaphragm  4  with  windows 
5  of  the  corresponding  shape  located  on  it,  motor  6,  which  sets 
modulator  disk  3  into  rotation  at  constant  velocity  a,  collecting  lenses 
7  that  collect  the  light  passing  through  modiilator  3  and  windows  5  of 
diaphragm  4,  on  the  sensitive  surface  of  photoelements  8.  The  image 
plane  2  is  combined  with  the  pattern  plane  of  modulator  3.  The  spatial 
period  or,  in  other  words  the  spacing  of  the  pattern  array  is  denoted  by 
Ip.  Parameter  I'p  is  the  length  of  the  arc  encompassing  the  transparent 

and  opaque  sections  of  the  pattern  along  the  average  length  of  window  5 
in  the  case  of  a  radial  pattern.  The  vector  v  shotvs  the  speed  and 
direction  of  motion  of  the  image  2  with  respect  to  the  origin  xy,  while 
the  values  Vx  and  Vy  are  speed  components  v  along  auces  x  and  y.  When 
the  modulator  disk  3  rotates  at  constant  velocity  its  pattern  lines 
move  with  respect  to  the  fixed  apertures  5  of  diaphragm  4  and  the  effect 
of  motion  of  the  i>attern  array  in  the  direction  of  axes  x  and  y  is 
created  with  a  helical  pattern  (Figvire  4.17,  a)  and  perpendicular  to  the 
same  axes  wdth  a  radial  pattern  (Figure  4.17,  b). 


The  motion  speed  of  the  pattern  array  is  shown  by  \-ectors  Vp  wdth 
respect  to  axes  x  8ind  y. 


The  pattern  array  of  the  modulator  3,  moving  with  respect  to  image 
elements  2,  modulates  the  luminous  flirc  arri\ing  through  windows  5  and 
lenses  7  to  photoelements  8. 


If  the  image  if  fixed,  the  light  impinging  on  jjhotoelements  8  vdll  be 
modulated  by  the  following  frequencies:  =  nk  in  the  case  of  a 

modulator  with  spiral  pattern  and  =  nN  in  the  case  of  a  modulator 


with  radial  pattern.  In  these  expressions,  n  is  the  rotational 
frequency  of  the  modulator  disk,  k  is  the  number  of  passes  of  the 
spiral,  and  N  is  the  number  of  divisions  of  the  radial  pattern. 


When  the  image  moves  at  speeds  Vx  and  Vy  along  axes  x  and  y  in  modulated 
light  impinging  on  photoelements  8,  the  following  additional  com]ponents 
appear 


v.r  ==  tV'/p  aid  Vy  -  Vy/7p. 


Thus,  if  the  motion  moves  at  speed  v,  the  photoelements  will  receive 
luminous  fluxes  modulasted  by  frequencies: 


V.vl  ^  Vp  -  V.vt  \ 

y-A  •  Vp  f  V.V-.  ( 


(4.4) 
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(4.5) 


'V/l  '  ■  ■  ^'ir  \ 


Expressions  (4.4)  determine  the  frequencies  i^x\  and  r'xi  for 
photoelements  located  in  the  plane  passing  through  axis  x  in  the  case  of 
using  a  photodetector  with  helical  pattern  of  the  modulator,  and  in  the 
plane  passing  throvigh  axis  y  in  the  case  of  using  a  photodetector  with 
radial  pattern. 


Figure  4.18.  SIvSI  With  Spatially  Movable  Optical  Modulator: 

1 — objective;  2 — image;  3 — modulator  disk;  4 — diaphragm; 

5 — collecting  lenses;  6 — electric  motor;  7 — photoelements; 

8 — filters;  9 — comparators;  10 — forward  pulse  front  former; 

11 — rear  pulse  front  former;  12 — pulse  level  formers; 

13 — filters;  14 — amplifiers;  15 — indicators ;  16 — generators ; 

17 — sensor;  18,  19,  20 — measuring  modules 

Expressions  (4.5)  determine  the  frequencies  i'y]  and  respectively, 

for  the  photoelements  located  in  the  plane  w^hich  passes  through  axis  y 
when  using  a  photodetector  with  helical  i3attern  of  the  modulator,  and  in 
the  plane  j^assing  through  axis  x  when  using  a  photodetector  with  radial 
I^attern.  The  sign  in  front  of  the  second  term  of  expressions  (4.4)  and 
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(4.5)  is  dej)endent  on  tlie  direction  of  motion  of  the  image  and 
corresponds  in  the  given  case  to  the  directions  of  the  speed  vectors, 
sho^'Ti  in  Figure  4.17. 

It  foilovvs  from  expressions  (4.4)  and  (4.5)  that  the  speeds  Vx  and  Vy 
correspond  to  double  the  variations  of  frequency: 


Av,vi  =  V.vl  —  v.vr,  ^ 

Av//i  —  1 


(4.6) 


The  above  photcxietector  and  the  given  relations  indicate  the  possibility 
of  using  the  different  metliod  of  measurement  with  an  increase  of 
sensitivity  characteristic  for  it.  Tliese  tyi.)es  of  SliSI  are  described  iri 
[36,  77  I .  There  are  also  variet  ies  of  this  device  in  which  two 
photodetectors,  arranged  along  axes  x  and  are  used  instead  of  four 
windows  in  the  fixed  diaphragmi  4.  The  signal  coming  from  the  additional 
photoelement,  which  is  located  in  front  of  the  aiDerture  in  the  diaphragm 
and  is  illuminated  from  the  opposite  direction  of  the  disk  by  a  si)eciai 
illuminator,  is  used  as  the  reference  frequency.  (Footnote)  ('.  .S. 
patent  3,511,150) 

A  functional  diagram  of  a  two-coordinate  SliSI  with  the  above  optical- 
mechanical  modulator,  which  has  a  radial  pattern  array,  is  i>resented  in 
Figure  4.18,  while  the  tjqje  of  processes  occurring  in  this  system  is 
shown  in  Figure  4.19.  The  objective  1  (Figure  4.18)  that  does  not 
include  sensor  17  forms  the  image  2  of  the  object  in  the  plane  of  the 
modulator  disk  3,  combined  with  plane  xy.  A  fixed  diaphragm,  having 
four  identical  apertures,  is  located  in  the  immediate  vicinity  of 
modulator  3.  The  modulator  disk  3  is  set.  into  rotation  by  electric 
motor  6.  The  light  that  is  passstd  from  objective  1  through  modulator  2 
and  the  windows  of  diaphragm  4  is  collected  by  collecting  lenses  5  on 
photoelements  7.  Filters  8  and  com]parators  9  are  also  included  in  the 
sensor . 

The  remaining  part  of  the  measuring  channel  of  the  SIvSI  is  located  in 
the  measuring  module  18  and  contains  a  pulse  former  module  19, 
consisting  of  fonvard  10  and  rear  11  pulse  front  formers,  conversion 
module  20,  having  level  formers  12,  and  amplifiers  of  different  levels 
14.  A  generator  16  and  output  indicators  15  are  located  in  module  18, 
besides  these  assemblies. 

Since  the  considered  SliSI  is  two-coordinate,  it  contains  two  identical 
measuring  channels,  related  to  coordinates  x  and  y.  Let  us  consider  the 
action  of  the  system  on  the  example  of  operation  of  one  of  the  measuring 
channels,  for  example,  of  channel  x. 
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Figure  4.19.  Type  of  Processes  Occurring  in  SKSI  With 
Spatially  Movable  Optical  Modulator 

Electric  signals  of  complex  shape  u;  and  u'7,  containing  harmonics  with 

frequencies  '^'x\  —  ^*p  —  and  vb  ^  Vp  +  v^,  are  fed  from  photoelements 

7  and  7'  to  filters  8,  which  distinguish  signals  u^  and  u' ^  with 
frequencies  i\\  and  Comparators  9  convert  harmonic  signals  ur  and 

u'js  to  pulsed  signals  Uy  and  u^q  at  the  same  frequency  and 
these  signals  are  fed  to  the  inputs  of  module  18.  Module  18  is  designed 
to  find  the  difference  of  frequencies  Ux  and  i^'x  and  to  convert  it  to  an 
analog  output  signal  U14,  proportional  to  the  rate  of  displacement  Vx  of 
image  2  along  coordinate  x.  The  action  of  module  18  is  based  on  shaping 
of  square-wave  pulses  U|o  and  u^'io  of  stable  length  t^ ,  which  follow  at 

frequencies  I'xi  and  r'xl»  and  on  measuring  the  difference  of  the  mean 
values  of  potentials  U13  and  u'13,  corresponding  to  these  pulses. 

Pulsed  signals  uo  and  u' ^  are  fed  in  the  operating  mode  to  the  cell  of 
pulse  former  19  to  the  inputs  of  the  forward  pulse  front  formers  10. 

The  positive  potentials,  by  which  the  rear  pulse  front  shapers  11  are 
started,  the  output  signals  U[\  and  u'^ii  of  which,  arriving  at  the 
second  inputs  of  shapers  10,  establish  a  zero  potential  at  their 
outputs,  are  established  at  the  outputs  of  these  formers  after  shaping 
of  the  forward  fronts. 

thus,  sequences  of  square-wave  pulses  uio  and  u'lo  of  stable  length  t 
\yiith  intervals  to  t  at  to  2  between  them  are  formed  at  the  outputs  of  the 
cell  of  pulse  shaper  19.  The  rear  front  shaper  11  is  a  time  delay 
element  8ind  is  controlled  by  pulsed  signals  ui^  of  the  stable  frequency 
of  generator  16.  The  length  t^  is  independent  of  frequency  rxi  and  l-'x\ 

of  signals  U9  and  u'o;  it  is  assumed  identical  for  both  channels  and 
should  be  close  to  period  T  of  signals  U9  and  of  the  maximiim 

possible  frequency  ^xirnax  and  r'xlmaxi  but  should  not  exceed  it.  The 
length  of  intervals  to i  abd  to 2  between  pulsed  signals  uio  and  u'lo  is 
inversely  proportional  to  frequencies  ^xi  and  r'xi* 
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The  level  difference  amplifier  14  subtracts  the  levels  of  signals  U13 
and  u' 1 3  and  amplifies  their  difference.  Thus,  the  output  voltage  uia 
will  be  proportional  to  2i’-x\  and,  accordingly,  it  will  be  proportional 
to  speed  Vx  of  the  motion  of  the  image  along  coordinate  x.  The  polarity 
of  the  output  voltage  ui 4  determines  the  direction  of  motion  of  the 
image.  Signal  uh  is  fed  to  the  input  of  the  image  stabilization  system 
and  to  indicator  15. 

SKSI  with  spatially  movable  modulator  on  photoelectric  switched  array. 
The  main  disadvantages  of  the  above  SKSI  and  other  similar  systems  are 
the  large  overall  dimensions  of  the  moving  optical-mechanical 
assemblies.  SiiSI  based  on  the  use  of  photoelectric  switched  arrays  are 
devoid  of  these  deficiencies.  (Footnote)  (USSR  inventor’s  certificate 
1,037,178)  These  devices  can  lie  made  incomiDarabl^'  small  in  dimensions 
and  mass,  especially  ivhen  using  modern  microelectronic  technology,  with 
the  same  sensitivity  (as  in  SKST  with  optical -mechanical  modulator). 

Let  us  briefly  consider  the  working  and  ojierating  principles  of  one  of 
these  SKSI.  A  simplified  functional  diagram  of  the  SKSI  is  presenteid  in 
Figure  4.20,  a.  Objective  1  forms  an  image  2,  lying  in  plane  xy.  A 
photoelectric  array  3,  which  is  a  special  photoelement,  that  consists  of 
N  identical  strip  photoelements  is  located  in  the  same  plane.  In  the 
simplest  case,  these  strip  elements  are  combined  int.o  four  groups 
(Figure  4.20,  a).  Leads  a,  b,  c,  and  d  of  groups  of  strip  photoelements 
are  connected  to  the  inputs  of  four  identical  switch  modules  4-7.  The 
control  inputs  of  the  switch  mcxlules  are  connected  (,f>  the  outputs  of 
circular  shift  register  8,  which  controls  master  oscillator  9.  The 
outputs  of  switch  modules  4-7  are  connected  to  the  inputs  of 
differential  amplifiers  10  and  11,  tdiile  the  outputs  of  these  amplifiers 
are  connected  to  the  inputs  of  the  frequency  comparator  12. 

A  sequential  series  of  logic  ones  is  written  in  the  first  half  of  the 
register  digits  8  in  the  initial  state  of  the  circuit,  while  a 
sequential  series  of  logic  zeros  is  witten  in  the  other  half.  The 
direct  outputs  of  register  bits  8  are  connected  to  the  control  inputs  of 
switch  modules  4  and  6,  while  the  inverse  outputs  are  connected  to  the 
control  inputs  of  switch  modules  5  and  7.  The  keys,  to  the  inputs  of 
which  signals  of  a  logic  one  from  register  8  wall  be  fed,  will  be  opened 
and  the  keys,  to  the  inputs  of  which  signals  of  the  logic  zero  will  be 
fed,  will  be  closed  at  eeich  moment  of  time  in  the  switch  modules. 

The  system  operates  in  the  following  manner.  Frequency  pulses  are 

fed  from  master  oscillator  9  to  the  input  of  register  8.  Each  of  these 
pulses  leads  to  an  annular  shift  by  one  bit  of  the  binary  number  ivritten 
in  register  8,  which  contains  an  even  number  of  bits.  The  switches  in 
modules  4-7  will  be  switched  ujxin  a  circular  shift  of  the  number  written 
in  the  register.  Signals  from  photoarray  3  are  the  same  at  the 

outputs  of  the  switch  modules  which  would  exist  if  four  optically 
unconnected  equivalent  pattern  arrays  were  applied  to  the  image  2  to  be 
checked;  two  of  them,  shifted  by  half  a  period  1  ,  would  move  in  one 
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Figure  4.20*  System  With  Spatial  Movable  Modulator  on 
Photoelectric  Switched  Array: 
a — SKSI  device;  b — switching  of  photoarray;  c — nature 
of  signals;  1 — objective;  2 — image;  3 — photoarray; 
4-7 — switch  modules;  8 — circular  shift  register; 

9 — master  oscillator;  10,  11 — differential  amplifiers; 
12 — frequency  comparator 


The  given  SKSI  can  be  conditionally  related  to  devices  with  spatially 
movable  modulator  with  regard  to  this  operating  feature  of  the 
photoarray,  which  simultaneously  performs  the  role  of  modulator.  If 


there  is  no  motion  of  image  2,  i.e.,  atv  =  0,  signals 

containing  variable  frequency  component  vo  =  exist  at  the 
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outputs  of  switch  modules  4-7.  llie  values  of  Ip  and  Vp  are  related  to 
the  number  of  mp  bits  of  register  8  and  to  the  width  d  of  strip 
photoelements  by  the  following  relations:  I’p  =  dv^. 


Then  Vp  =  v,,//;;p. 

The  frequency  i'o  varies  by  value  Ai-'  =  image  moves  along 

axis  X  at  speed  v  in  signals  the  outputs  of  the  switch 

modules.  If  the  direction  of  the  motion  of  the  image  and  the  direction 
of  the  equivalent  pattern  array  coincide,  frequency  I'o  is  reduced  by  Aj'. 
If  these  directions  are  opposite,  the  frequency  I'o  is  increased  by  Ai'. 
Thus,  signals  u^^  and  u^^,  containing  frequencies  I'n  ±  Ai-',  will  occur  at 

the  outputs  of  key  modules  4  and  5  and  signals  u^g  and  u^„,  containing 

frequencies  I'o  AfS  will  occur  at  the  outputs  of  switch  modules  6  and 
7.  Besides  the  variable  components,  signals  also  have  constant 

components,  determined  by  the  background  noise  from  the  object.  The 
outputs  of  modules  4-7  are  connected  in  pairs  to  differential  amplifiers 
10  and  11,  in  which  the  constant,  components  of  signals  are 

mutually  compensated,  and  the  variable  components  containing  frequencies 
1^0  ^  At^  and  J-'o  T  A/^'  are  separated.  Signals  U|o  and  U|  |  are  fed  from  the 
outputs  of  amplifiers  10  and  11  to  the  frequency  comparator  12,  at  the 
output  of  which  there  is  a  signal  U|2.  proportional  to  the  frequency 

difference  eq 


The  value  of  this  signal  is  proportional  to  the  motion  speed  v  of  the 
image,  while  the  sign  indicates  the  direction  of  motion.  The  number  of 
bits  of  the  register  is  m^  =  4  in  the  SKSI  layout  i:)resenteHi  in  Figure 

4.20,  a.  The  number  of  the  keys  in  each  of  modules  4-7  is  also  equal  to 
the  number  of  bits  of  the  register.  The  spatial  period  of  the 
photoarray  can  be  determined  from  the  relation  Ip  =  4d,  since  here  a  = 

=  2d.  ±2Av  =  (v„  ±  A\j  —  (v„  +  Av). 


Upon  operation  of  this  SKSI,  the  motion  of  the  equivalent  arrays  is 
discrete.  The  number  of  bits  m  of  the  register  must  be  increased  and 

P 

the  number  of  keys  in  modules  4-7  must  accordingly  be  increased,  and 
also  the  number  of  strip  photoelements  of  photoarray  3  must  be  increased 
to  reduce  the  discreteness  of  motion.  Switching  of  photoarray  at  mp  =  8 

is  shown  in  Figure  4.20,  b.  The  photoelements  connected  at  a  given 
moment  of  time  and  related  to  one  of  four  equivalent  arrays  are  denoted 
by  the  cross-hatching.  The  discrete  shift  of  the  array  by  d,  equal  to 
the  width  of  one  strip  photoelement,  occurs  for  each  frequency  pulse 


if  master  oscillator  9.  There  is  a  stepped  signal 
4.20,  c,  at  the  output  of  the  switch  module.  The  value 


shown  in  Figure 
of  the  time 
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X 


interval  T^.  of  each  element  of  the  stepped  signal  can  be  determineid 
from  the  expression  T^,  =  1/r^. 


The  shape  of  the  signal  u^,  which  would  exist  if  the  motion  of  the 

array,  superimposed  on  the  image,  would  exist  continuously,  rather  than 
discretely,  is  shown  by  the  smooth  curve  in  Figure  4.20,  c.  It  is 
obvious  that  the  greater  the  value  of  mp,  the  closer  the  shape  of  the 

signal  u'^  approaches  that  of  signal  u^. 

System  with  spatially  movable  modulator  on  optical  fibers  and  switchable 
photoelements.  It  is  sometimes  convenient  to  have  the  photodetector  of 
the  system  on  fiber  light  guides  for  practical  application  of  SKSI  with 
spatially  movable  modulator.  Besides  design  advantages,  this  device  may 
provide  higher  sensitivity  compared  to  SKSI  in  which  strip  photoelectric 
arrays  are  used.  The  photodetector  part  of  this  SKSI  is  similar  to  that 
shown  in  Figure  4.16,  while  the  electric  circuit  differs  in  no  way  from 
that  presented  in  Figure  4.20,  a.  Discrete  photoelements  of  the 
photodetector  part  on  fiber  light  guides  are  connected  to  points  a,  b, 
o,  and  d  of  the  inputs  of  switch  modules  4-7  (item  7  in  Figure  4.16). 


The  operating  principle  of  this  SKSI  is  similar  to  that  of  the  above 
SKSI  on  a  photoelectric  switched  array. 

4.6.  Types  of  Image  Motion  and  Their  Influence  on  Operation  of  SKSI 


Motion  of  image  and  its  components.  The  approximate  form  and  direction 
of  misalignment  of  the  image,  which  occurs  in  the  image  plane  of  an 
optical  instrument  (for  example,  an  .^A),  mounted  on  a  movable  base,  are 
shown  in  Figure  4.21.  Let  us  assume  that  axis  s  of  the  image  plane  is 
Joined  to  the  longitudinal  axis  of  the  platform  on  which  the  AFA  is 
mounted  and  that  it  coincides  with  the  direction  of  its  translational 
motion.  The  value  v  will  then  represent  the  so-called  ground  or 

HX 


longitudinal  component  of  the  motion  speed  of  the  image,  while  v  will 

Hy 

represent  the  transverse  component,  determined,  by  the  lateral 
misalignment  or  drift  of  the  platform  containing  the  AFA.  Component  v^ 


is  determined  by  the  longitudinal  or  pitching  motion  of  the  platform 

containing  the  AFA,  while  component  v  is  determined  by  the  rolling 

Ky 


motion  of  the  platform.  Yawing  of  the  platform  containing  the  AFA  is 

estimated  by  the  angular  rate  of  turn  uj  of  the  image  with  respect  to 

pK 

the  origin  of  coordinate  system  Qxy.  This  rotation  of  the  image  results 
in  the  appearance  of  tangential  components  of  the  linear  rotational 
speed  of  the  points  of  the  image  the  values  of  which  are 

proportional  to  the  angular  velocity  and  radius  Ri ,  i.e.,  = 

=  Misalignment  of  the  platform  and  AFA  along  axis  z  in  the 
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direction  toward  the  object  or  from  it  results  in  the  appearance  of 
image  speed  components  v  ,  which  occur  due  to  variation  of  the  image 

scale.  The  value  of  this  speed  is  also  dependent  on  radius  R,  and  the 
point  of  the  origin  of  radius  Ri  does  not  always  coincide  with  the 
origin  of  coordinate  system  Oxy. 


Figure  4.21.  Nature  and  TjTpes  of  Misalignment 
of  Optical  Image: 

1 — image  of  object  at  specific  distance  H  from 
objective  to  object;  2 — image  of  same  object 
upon  decrease  of  H 

In  practice  all  these  component  speeds  exist  upon  motion  of  the  platform 
and  AFA  and,  therefore,  the  motion  of  the  image  is  i-ather  complicated  in 
nature.  Calculated  functions  that  permit  one  to  determine  the  value  of 
each  of  the  considered  components  of  the  motion  speed  of  the  image  were 
presented  in  Chapter  1 . 

Operating  modes  of  SKSI  and  effect  of  type  of  image  motion  on  its 
functioning.  Depending  on  the  designation  and  operating  conditions  of 
the  optical  instrument,  which  includes  the  SliSI,  it  can  operate  in  two 
modes:  1)  information  measuring  and  2)  as  an  error  sensor  in  the  ASSI. 

In  the  first  case,  the  SKSI  is  a  device  that  measures  the  absolute 
motion  speed  of  the  optical  image. 

For  example,  it  is  convenient  to  use  the  absolute  values  of  the  total 
speeds  Vy^_  and  Vy^  along  axes  x  and  y  for  the  general  type  of  image 

motion  of  the  SKSI,  presented  in  Figure  4.21: 
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—  t'li.v  -r  J-’ii.v  -f  yj,.*-:  =-■  V,,,,  -t- f-  cv,;,. 

It  is  obvious  that  the  value  and  direction  of  the  resultant  motion  speed 

of  the  image  can  be  determined  from  the  values  of  vv  and  vr.  .  SKSI 

lix  ly 

operating  in  the  information  measuring  mode  may  have  switchable  limits 
of  measurement  along  both  axes,  while  the  measurement  error  is 
determined  by  the  tyjDe  and  working  principle  of  the  SICSI.  In  the  second 
case,  the  SIvSI  essentially  measures  the  difference  of  the  motion  speeds 
Vj,^  and  Vj,^  of  the  image  along  the  corresponding  coordinates  and  the 

motion  speeds  Vj^^.  and  v^^^.  of  the  detector  of  the  optical  device,  located 

in  the  image  plane,  for  example,  of  the  photographic  film  in  an  AFA. 

In  this  case: 


'■'.r  =  J-'yv  -  V, 


V,,  =  Uvy  _ 


ny 


The  static  characteristics  of  a  SliSI  operating  in  this  mode  are  similar 
to  those  shown  in  Figure  4.5,  b.  As  in  the  case  of  using  other  sensors, 
the  static  characteristic  of  this  SICSI  has  a  range  of  measurement,  zone 
of  insensitivity  and  saturation  region.  Its  sensitivity  is  generally 
determined  by  the  formulas: 


5,  == 


5. 


Signals  u^  and  Uy  are  fed  from  the  outputs  of  the  SliSI  to  the  inputs  of 
the  image  stabilization  system,  where  they  are  converted  to 
displacements  of  the  compensating  elements  of  the  ASSI,  which  result  in 
a  decrease  of  the  resulting  speeds  Vx  and  Vy  to  permissible  limits. 

The  main  requirements  on  the  SKSI  (as  on  the  element  of  the  ASSI)  were 
outlined  in  section  4.2;  let  us  additionally  note  the  following. 

When  a  number  of  optical  instruments  are  operating,  the  value  of  the 
component  speed  v  (Figure  4.21)  may  be  considerably  greater  thain  that 

rx\ 

of  V  and  of  the  other  components  v  and  v  .  An  additional 

K  M 

compensating  element  (rotary  mirror <  or  prism,  or  something  else),  which 
operates  as  a  function  of  the  ground  speed  component  of  the  motion  of 
the  optical  instrument  with  respect  to  the  object,  must  be  introduced 
into  the  instrument  to  provide  the  given  stabilization  accuracy  of  image 
motion  and  also  to  permit  the  use  of  a  SKSI  having  high  sensitivity  and 
narrow  measurement  range.  Information  about  the  ground  speed  component 
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of  the  motion  of  the  instrument  can  be  obtained  from  various  types  of 
sensors,  including  those  from  the  SKSI  operating  in  the  information 
measuring  mode. 

4.7.  Errors  of  SKSI 


Types  of  errors  of  SKSI.  Real  SKSI  have  finite  accuracy 

characteristics,  determined  by  the  errors  of  the  system.  The  errors 

that  occur  during  operation  of  the  system,  according  to  the 

classification  of  errors  of  systems  fl5,  16],  can  be  divided  with 

respect  to  their  features  into  absolute  and  relative,  additi\'e, 

multiplicative,  exponential,  periodic,  systematic  and  reindom,  methodical 

and  instrumental,  and  static  and  dynamic.  Based  on  the  physical  nature 

of  the  origin  of  errors  of  the  SKSI,  they  can  be  divided  into 

methodical,  engineeririg  design,  dynamic  and  noise  fl51.  The  methodical 

errors  A  are  determined  by  the  adopted  method  of  checking,  by  the 
M 

inaccuracy  of  determining  the  parameters  of  the  physical  protDesses 
occurring  in  the  system,  and  are  ordinarily  random  in  nature,  mostly 
approximated  by  normal  distribution  law. 

The  engineering  design  errors  A  are  divided  into  systematic  and  random. 

Systematic  errors  can  be  compensated  or  taken  into  account  during 
operation  of  the  system.  Random  errors  are  static  in  nature  and  their 
laws  of  distribution  can  be  different. 


Dynamic  errors 


are  determined  mainly  by  the  inertia  of  the  elements 


of  the  system  and  of  the  entire  system  as  a  whole.  To  reduce  this 
error,  it  is  desirable  to  reduce  the  inertia  of  the  system  if  possible, 
but  this  may  result  in  an  incr'ease  of  the  noise  error. 


Noise  errors  are  caused  by  variation  of  the  parameters  of  the  system 

due  to  the  effect  of  different  j^erturbing  actions,  which  are  I'andom  in 
nature.  These  actions  are  temperature,  voltage  and  current  fluctuations 
of  the  electric  circuits  and  so  on.  It  follows  from  the  above 
classification  of  errors  of  the  SKSI  that  all  the  errors  (except  those 
comjpensated  by  the  systematic  engineering  design  error)  are  random  in 
nature  and  they  can  be  mostly  considered  independent  [16].  The  total 
error  Ay>  of  the  SKSI  can  be  represented  in  the  following  manner: 


=  ]/^  A;;,  Ak  -f~  A;^  A  nr 


It  is  obvious  that  the  x>8trameters  of  the  SKSI  must  be  optimized 
according  to  the  criterion  of  the  minimum  error.  Determination  of  the 
effective  errors  of  real  SKSI  is  very  difficult  and  is  considerably 
dependent  on  the  working  and  operating  principles  of  the  system.  The 
limited  scope  of  the  book  does  not  permit  detailed  consideration  of  the 
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determination  of  all  errors  of  SKSI,  different  in  working  principle. 
Let  us  dwell  in  this  section  on  the  main  components  of  the  total  error 
that  determine  the  operating  accuracy  of  the  SKSI. 


Figure  4.22.  Working  Section  of  Linear  Modulator: 

1 — fixed  diaphragm;  2 — working  segment  of  modulator 
pattern  in  window  of  diaphragm 

Methodical  error  of  SKSI.  The  main  error  component  of  frequency  SKSI, 
determined  by  the  method  of  issuing  information  about  the  motion  speed 
of  the  image,  is  the  methodical  error  of  the  modulator  in  the  measuring 
channel  of  the  system. 

Fix6^  and  movable  optical  modulators  are  mainly  used  in  the  above  SKSI . 

A  fixed  modulator  on  an  unswitched  photoelectric  array  is  essentially  a 
variety  of  a  fixed  optical  modulator,  while  a  modulator  on  a  switched 
photoelectric  array  is  a  unique  movable  modulator  with  discrete,  stepped 
displacement. 

The  main  geometric  parameters  of  the  working  segment  of  a  modulator  \sith 
linear  pattern,  used  in  some  of  the  above  SIvSI,  are  presented  in  general 
form  in  Figure  4.22.  In  this  figure,  A  and  B  are  the  length  and  width 
of  the  wdndow  of  the  diaphragm  1 ,  through  which  a  segment  of  pattern  2 
is  visible.  A  frequency  system,  operating  in  the  information  measuring 
mode,  is  described  in  [89]  and  the  determination  of  the  methodical  error 
of  the  system  is  presented.  A  self-adjusting  filter  is  used  in  the 
electric  circuit  of  the  system.  The  frequency  SKSI  may  have  an  electric 
filter  that  is  not  self-adjusted  to  the  center  of  the  spectrum  of  the 
electric  signal  from  the  photoelement  when  operating  in  a  closed  ASSI, 
since  this  adjustment  is  essentially  performed  by  the  ASSI,  vvhich  tries 
to  keep  the  image  fixed  in  the  working  zone  of  the  instrument  and  this 
means  in  the  plane  of  the  SIvSI  modulator  located  in  this  zone,  when 
operating  in  a  closed  ASSI .  But  the  center  of  the  spectrum  of  the 
electric  signal  from  the  photoelement  is  maintained  at  one  frequency,  to 
w^hich  the  electric  filter  of  the  measuring  channel  of  the  SKSI  is 
turned.  Thus,  the  nature  of  the  methodical  error  of  the  system 
described  in  [89]  and  of  the  considered  frequency  SliSI  is  the  same. 

Based  on  mathematical  analysis  of  the  principles  of  modulation  and 
subsequent  electric  filtration  of  the  signal  from  the  photoelement,  the 
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formula  of  the  mean  square  error  in  frequency,  estimated  in  hertz,  which 
can  be  uTitten  in  the  following  form  for  our  case,  was  foiind  in  [89]: 


Af  = 


\-jhere  v  is  the  motion  speed  of  the  image,  mm-s'*,  is  the  frequency 

band  of  the  electric  filter,  Hz,  and  A  is  the  length  of  the  modulator, 
mm. 

In  turn,  according  to  Figure  4.22,  we  have 


/I  -  /p/V', 

where  1  is  the  spacing  of  the  pattern  arra>-  of  the  modulator,  mm,  and 

N'  is  the  number  of  spaces  of  the  working  segment  of  the  modulator 
pattern . 

The  mean  square  error  in  speed  can  then  be  determined  from  the 
expression 


A. 


2'1/p/V' 


2iN'  ‘ 


(4.7) 


The  considered  error  is  essentially  the  methodical  error  of  a  frequency 
SICSI  with  fixed  linear  modulator,  and  its  distribution  is  subordinate  to 
normal  law  [89].  Glass  disks  with  spiral  or  radial  patterns  applied  to 
them  (see  Figure  4.17)  are  used  as  the  modulator  in  SKSI  wdth  spatially 
movable  optical -mechanical  modulator. 

These  SKSI  (besides  the  methodical  error  described  above)  have  an 
additional  error,  determined  by  the  characteristics  of  the  modulator 
jjattern  device,  for  example,  by  the  nonlinearity  of  the  strips  of  the 
spiral  pattern  and  by  the  aparallelism  of  the  strips  of  the  radial 
pattern.  This  error  is  also  related  to  the  methodical  error  and  is 
independent  with  respect  to  the  above  error. 

A  working  segment  of  a  modulator  having  spiral  jjattern  is  shown  in 
Figure  4.23,  a.  The  modulator  is  made  in  the  form  of  a  glass  disk  1,  on 
which  the  figure  of  a  pattern  2,  which  is  an  Archimedean  spiral,  is 
applied.  A  fixed  diaphragm  3  with  windows  in  the  form  of  narrow  slits, 
oriented  along  axes  x  and  y,  is  located  in  front  of  the  modulator  disk. 
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Figure  4.23.  Working  Segment  of  Modulator  With  Spiral  Pattern: 
a—shape  and  arrangement  of  working  segment;  b — graph  of  function 
that  determines  position  of  line  F;  1 — modulator  disk;  2 — working 
segment  of  pattern  in  diaphragm  window;  3 — fixed  diaphragm 

To  eliminate  the  additional  methodical  error  that  occurs  due  to  the 
spiral  pattern  2,  which  is  visible  in  the  diaphragm  window  1,  the  middle 
line  F  of  the  window  should  be  shifted  with  respect  to  the  corresponding 
axis  X  or  y  such  that  the  i>attern  lines,  visible  in  the  diaphragm 
window,  are  perpendicular  to  this  line,  while  the  line  itself  is 
i:)arallel  to  axis  x  or  y.  The  error  of  the  modulator  can  then  be 
determined  by  the  above  formula  (4.7).  To  determine  the  position  of 
line  F,  one  can  use  the  au>:iiiary  graph  presented  in  Figure  4.23,  b. 
Here: 


A'  -  bk,;  I 

y='-bky.  i  (4.8) 

The  values  of  x  and  y  in  expressions  (4.8)  are  the  current  values  of  the 
cooxxii nates  of  the  p)oints  of  curve  F,  while  coefficient  b  is  the 
constant  in  the  equation  that  describes  the  Archimedean  spiral  p  ~  hip  y 
and  p  is  the  length  of  the  radius  vector  that  describes  the  spiral  and  p 
is  the  angle  between  the  radius  vector  and  the  axis. 

The  radius  vector  is  elongated  by  the  spacing  1^  of  the  pattern  during  a 
complete  revolution,  i.e.,  by  1^  “  27rb.  Expressions  (4.8)  can  then  be 
written  in  the  form: 


_ ijp_/e  • 


y  = 


h 

2n 

b 


(4.9) 
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Knou’iix?  the  value  of  Ip  and  being  given  the  values  kx.  for  which  we 

determine  the  corresponding  values  ky  from  the  given  graph,  using 
expressions  (4.9),  we  find  the  coordinates  x  and  y  of  the  points  of 
curve  F. 


It  follows  from  expressions  (4.9)  and  graph  ky  =  f(kx)  that  curve  F 
passes  approximately  to  axis  x  at  distance  c  =  lp/(2x)  frcan  it  at 

approximately  x  =  '^bis  also  means  that  the  middle  line  F  of  the 

diaphragm  window  can  be  mside  coincident  with  the  corresponding 
coordinate  axis  x  or  y  for  small  values  of  Ip.  The  number  of  the 

spacing  of  the  pattern  should  be  added  within  the  length  A  of  the 
diaphragm  window,  i.e.,  A  =  IpN'.  Violation  of  this  condition  causes 

the  appearance  of  fluctuations  of  the  luminous  flux  passing  through  the 
diaphragm  window’  upon  rotation  of  the  modulator  disk,  i.e.,  it  results 
in  the  occurrence  of  one  of  the  components  of  the  noise  error 


Modulators  based  on  an  unswitched  photoelectric  array  can  essentially  be 
considered  as  fixed  optical  spatial  filters.  A  working  segment  of  this 
modulator  is  similar  to  that  shown  in  Figure  4.22  and  the  mean  square 
error  in  speed  can  also  be  determined  from  expression  (4.7). 

Matters  are  somewhat  more  complicated  in  the  case  of  using  a  switched 
I)hotoelectric  array  in  a  SliSI,  similar  to  that  considered  in  section 
4.5.  Discrete  displacement  of  the  equivalent  pattern  arrays  occurs  in 
this  SKSI,  which  results  in  the  occurrence  of  stepped  signals  at  the 
output  of  the  photoelements  of  the  array.  Therefore,  besides  the  main 
methodical  error  of  determining  the  motion  speed  of  the  image,  related 
to  the  frequency  method  of  measurement  itself,  there  wall  exist  an 
additional  methodical  error,  caused  by  the  discrete  nature  of  the  motion 
of  the  jjattern. 

The  error  in  determination  of  the  variation  of  signal  frequency  A (Ai')  is 
caused  by  the  quantum  nature  of  the  signal  in  the  given  SKSI  and  is 

determined  by  the  formula  A  (Av)  =  t/vg//,,,  where  ro  is  the  frequency  of 

the  electric  signal  in  the  check  system,  determined  by  the  motion  of  the 
equivalent  pattern  with  a  fixed  image. 

It  is  known  from  description  of  the  working  and  operating  principles  of 
the  SKSI  presented  in  Figure  4.20  that  v„  —  --  The  error 

can  then  be  determined  by  the  formula  A  (Av)  Vr/nif,. 

The  sidditional  error  in  determination  of  the  motion  speed  of  the  image, 
caused  by  the  discrete  motion  of  the  pattern,  is  found  from  the 
expression 
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K  /p  A  (/,\v)  =  lp\\lml. 


(4.10) 


Based  on  expressions  (4.7)  and  (4.10),  one  can  then  wite  the  following 
relation  for  the  total  methodical  error  of  determining  the  motion  speed 
of  the  image  of  a  SIvSI  with  single  equivalent  array: 


A 


y  ~ 


It  is  obvious  from  this  expression  that  an  increase  of  the  niunber  of 
bits  of  the  circular  shift  register  (see  Figure  4.20,  a)  and  a  decrezise 
of  the  values  of  1^  and  results  in  a  decrease  of  the  total  methodical 

error.  An  increase  of  the  number  m^  may  be  reasonable  only  up  to  a 

limit  at  w^hich  the  value 

the  resulting  resolution 


of  d  assumes  a  value  d  =  l/(2Rp),  vdiere  Rp  is 
of  the  optical  system  of  the  device. 
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Chapter  5.  Electromechanical  Subsystems  of  Image  Stabilization  Systems 

5.1.  Design  Principles  and  Problems  of  Design  of  Electromechanical 
Subsystems 

Design  principles  of  precision  electric  drives.  Precision  movements  of 
mechanisms  can  be  achieved  by  using  reducer less  electric  drives  in  open 
and  closed  control  systems.  Control  is  primarily  exercised  in  open 
systems  on  the  basis  of  electric  step  motors.  Various  types  of  electric 
motors  are  used  in  closed  systems  and  one  can  essentially  achieve  high 
accuracy  of  motion  of  mechanisms.  A  complex  control  system  can  be 
effectively  broken  do\>?n  for  interconnected  electric  drive  systems  by 
creating  separate  closed  systems. 

Studies  show  that  the  motions  of  the  mechanisms  of  functional  devices  of 
image  stabilization  systems  should  proceed  with  current  errors  in 
position  that  do  not  exceed  units  of  angular  seconds  for  angular 
displacements  and  units  of  a  micron  for  linear  displacements.  Errors  of 
motion  by  speed,  estimated  in  i^ercent  of  current  speed,  are  in  the  range 
of  values  less  than  0.01  percent.  The  accuracy  of  these  systems  is 
determined  to  a  considerable  degree  by  the  indicators  of  dynamic 
accuracy.  The  indicators  of  static  accuracy  are  insignificant  with 
regard  to  the  fact  that  integrals  must  also  be  introduced  into  control 
laws  when  designing  control  systems  to  compensate  for  the  constant 
components  of  perturbations  and  this  predetermines  the  receipt  of  as 
small  static  errors  as  desired  in  control  systems.  Dynamic  accuracy  is 
determined  to  a  significant  degree  by  both  the  dynamic  characteristics 
of  perturbing  actions  and  by  the  d^^Tiamic  characteristics  of  measurement 
noise,  which  is  represented  in  the  form  of  complex  deterministic  and 
stochastic  processes. 

Stabilizing:,  follow-up  and  programmed  precision  motions  of  mechanisms 
are  realized  by  control  systems  in  image  stabilization  problems. 
Follow-up  modes  in  precision  electromechanical  systems  are  performed  so 
that  the  spectral  band  of  the  control  system  is  greater  than  the 
spectrum  of  the  master  signal  and  that  it  be  reproduced  without 
distortions.  Follow-up  modes  are  similar  to  stabilizing  modes  in  this 
regard.  If  follow-up  is  achieved  in  different  regions  of  the  motion 
speeds  of  mechanisms,  transition  of  the  system  from  one  region  to 
another  occurs  by  switching  the  structure  of  the  control  sj^stem.  This 
trajectory  mode  is  realized  with  limitations  of  the  torques  of  electric 
drives  at  the  level  of  {permissible  values. 

The  general  design  principles  and  principles  of  calculation  of  electric 
drive  control  systems  are  outlined  in  detail  in  [7].  Modern  electric 
drive  control  systems  are  constructed  primarily  on  the  principles  of 
subordinate  (cascade)  control.  This  principle  guarantees  maximum 
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simplicity  of  design  and  adjustment  of  electric  drive  systems,  low 
sensitivity  of  the  systems  to  variations  of  parameters,  and  the 
possibility  of  using  standardized  tunirxgs  of  the  control  circuits  and  of 
standardized  components  for  realization  of  them. 

The  principle  of  control  by  the  vector  of  state  of  the  object  is 
widespread,  along  with  the  principle  of  subordinate  control.  This 
control  is  used  primarily  in  design  of  local  electric  drive  systems  with 
flexible  couplings  between  the  motor  and  mechanism. 

.An  important  aspect  in  developnent  of  precision  electric  drives  is 
selection  of  the  position  or  velocity  sensors  and  of  the  comparators. 
Several  different  methods  of  organizing  control  systems  ensues  from 
analysis  of  the  methods  of  formation  of  precision  motions  according  to 
the  type  of  comparators.  Technical  descriptions  of  these  systems  are 
given  in  more  general  form  in  121|.  The  highest  dynamic  accuracies  of 
motion  can  be  achieved  in  pulse  phase  systems  with  separation  of  the 
formation  of  short-periodic  and  li’ajectory  motions  of  electric  drives. 

The  following  characteristics,  which  distinguish  them  from  other 
electric  drive  systems,  are  typical  for  precision  electric  drive  control 
systems : 

1.  The  high  degree  of  organization  of  control  of  the  electric  drive 
itself  (converter-motor  controlled  systems)  to  achieve  rigid  mechanical 
charsLC ter i sties  in  open  systems. 

2.  The  need  for  detailed  consideration  of  the  combination  of  all  the 
determinant  and  random  processes  that  influence  the  dynamic  accuracy  ( in 
the  electric  drive  itself,  in  the  information  system,  in  the  comparator 
and  in  the  control  channels ) . 

3.  The  need  to  achieve  wdde  bandwidths  of  signals  in  closed  control 
systems,  which  determines  the  consideration  of  the  flexible  properties 
of  the  electric  drives  and  mechanisms  over  a  wide  frequency  band. 

Coupled  electric  drives  as  electromechanical  subsystem  of  image 
stabilization  system.  It  follows  from  Chapters  1-3  that  simultaneous 
displacement  of  several  optical  elements  or  of  one  element  in  two-three 
coordinates  must  be  used  to  stabilize  the  image  upon  spatial 
displacements  of  the  base.  Part  of  the  functional  devices  of 
stabilization  systems  can  be  related  to  each  other  by  mechanical 
assemblies  and  design  elements.  Moreover,  cushioning  devices,  throiigh 
the  flexible  couplings  of  which  there  is  mechanical  coupling  of  the 
coordinates  of  motion  of  the  functional  devices,  are  used  in  optical 
instruments. 

Elet:!tric  drives  are  coupled  wnth  regard  to  these  circumstances  and, 
together  with  the  structiiral  elements  of  actuating  and  cushioning 
devices,  are  a  very  complicated  electromechanical  subsystem  (\®^JP)  of 
the  image  stabilization  systems.  The  control  object  must  be  regarded  as 
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variable  Jointly  with  the  regulators  for  solution  of  the  main  task — 
achieving  the  necessary  accuracies  of  motion — rather  than  as  the  given 
object  in  design  of  precision  local  and  coupled  electric  drive  systems 
from  the  viewpoint  of  achieving  given  or  maximum  dynamic  accuracies. 
Both  the  coefficients  of  inertia  and  the  parameters  of  flexible 
mechanical  couplings  of  the  object  are  variable  parameters  during 
design.  On  this  basis,  let  us  determine  the  generalized  criterion  of 
quality  for  design  of  the  system  and  let  us  formulate  the  condition  of 
decomposition  of  the  control  system. 

Decomposition  of  a  coupled  system,  which  results  in  the  possibility  of 
considering  it  in  the  form  of  separate  individual  systems  similar  to 
self-contained  systems,  is  always  used  in  one  or  another  form  in  design 
of  complex  systems.  This  permits  considerable  simplification  of  a 
complex  control  system  both  in  the  design  phase  and  in  the  phase  of 
technical  realization  of  it. 

Considering  r  output  variables  of  the  control  VE^\P  with  regard  to  their 
contribution  to  formation  of  the  index  of  quality  of  the  technical 
object,  let  us  define  the  generalized  criterion  of  quality  by  special 
criteria  with  regard  to  the  standard  of  the  estimation  vector,  of  the 
vector  of  variable  parameters  a,  and  of  the  constraints  of  variables  in 
the  following  form: 


S  Qw- (5.1) 

1^1  /-I 


at  Qij(a)  i  =  g  t  1>  Here  bi  are  weight  coefficients  of  the 

output  variables,  Ci  are  the  values  of  constraints  on  estimates  of 
special  criteria  of  quality,  Qijlff)  are  elements  of  matrix  Q'  (-rO  ;=  |  Q:j  (y.)l, 

i,  j  =  1,  n,  and  is  a  closed  set  of  permissible  values  of  a. 

The  conditions  of  the  diagonal  dominance  of  the  matrix  of  estimates,  at 
which 


Qii  (a)  ^  P  H  Qij  (a), 

i-hi 


also  determine  the  condition  of  decomposition  of  the  coupled  control 
system.  One  can  assume  approximately  in  formula  (5.1) 
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Accordinjgly,  the  estimate  of  the  generalized  criterion  of  quality  Q  must 
be  minimized  with  regard  to  constraints  of  coordinates  of  the  system  by 
changing  the  vectors  of  jmrameters  q  and  one  must  guarantee  fulfillment 
of  condition  (5.2).  The  given  principle  of  decomposition  of  a  coupled 
system  can  be  defined  as  the  principle  of  dynamic  decomposition.  It  is 
distinguished  from  the  principle  of  separation  of  motions  of  separate 
systems  by  the  fact  that  all  separate  systems  when  using  it  may  have 
similar  dynamics,  which  in  good  agreement  with  minization  of  the 
quadratic  functionals  of  the  qualities. 

The  principle  of  dynamic  decomposition  guarantees  s.\7ithesi8  oi‘  control 
primarily  without  resorting  t:o  ('joss-correct Lng  cori’elations  rx^tc-een  the 
main  separate  systems.  This  guarantees  a  compai\at ivel\  simpJe  structure 
of  the  control  ITIMP,  similicity  of  the  estimates  of  eri'ors  of  sepai*ate 
control  systems,  and  reliable  realization  of  systems  using 
microprocessors . 

The  high  complexity  of  mathematical  description  of  precision  <.'oritr'ol 
\TiMP  and  the  requi  I’ements  of  consi.deriag  a  laige  number  of  factors  that 
influence  the  accuracy  of  motion  of  electric  drl\es  result  in  the  need 
to  use  the  systems  approach  in  formulation  of  design  methodology. 

Indeed,  there  may  be  several  r'oupled  electromagnetic  \ariables  in  local 
electromechanical  systems  iri  circuits  of  shaping  the  elect I'omagnetic 
moment  alone.  This  is  esx)eciaily  manifested  in  electric  AC  systems. 
Strong  couplings  are  formed  in  multimass  mechanical  subsystems  wdth 
flexible  couplings.  Tt  should  be  noted  that  high  speed  at  ail  levels  of 
coup]  ings  is  typical  for  VEMP,  which  j)laces  them  among  specific  objects 
in  which  the  dynamic  processes  are  simultaneously  determined  by  a  large 
number  of  variables. 

Systems  approaches  to  design  of  control  V&iP  can  be  used  under  these 
conditions. 

The  specifics  of  the  systems  approach  [27]  is  that  a  complex  system  is 
divided  into  individual  subsystems.  The  individual  subsystems  are 
described  and  their  properties  are  studied  with  regard  to  the  properties 
of  the  system  as  a  whole.  Alternative  versions  of  individual  subsystems 
and  of  the  system  as  a  whole  are  considered.  The  x)roblem  of  determining 
the  set  of  design  versions  of  an  electromechanical  control  subsystem  is 
related  to  problems  of  structural  analysis.  It  is  necessary  in  this 
case:  1)  to  establish  the  levels  in  the  system  structure  and  to 

determine  their  correlation,  2)  to  perform  topological  decomposition 
with  separation  of  subsystems  having  strong  internal  couplings  and  weak 
intersubsystem  couplings,  and  3)  to  determine  separate  control  systems. 
The  jDrocess  of  study  is  iterative  in  nature  and  ends  in  selection  of  a 
f x^mpr'omi se  \’ers ion . 


Figure  5.1.  Diagram  of  Hierarchical  Control  System 
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Let  us  determine  the  problems  of  design  of  precision  control  \®IP  from 
the  aspect  of  the  systems  approach.  But  let  us  first  consider  the 
generalized  layout  of  the  structural  orgsinization  of  the  control  system 
of  coupled  electric  drives  of  the  technical  object  (TO),  represented  as 
the  diagram  of  the  hierarchical  system  having  three  levels  (Figure  5.1). 
The  first  low  level  contains  a  coupled  electromechanical  subsystem 
(VEP) ,  the  input  variables  of  which  are  control  signals  of  different 
semiconductor  converters,  while  the  output  variables  of  which  are 
electromagnetic  moments  (forces)  of  the  electric  motor  N.  The  second 
level  has  a  coupled  mechanical  subs5^stem  (VMP) ,  which  has  feedback  with 
the  tTP  through  electromagnetic  induction  circuits.  The  output 
variables  of  the  coupled  mechanical  subsystem  q  are  variables  that 
characterize  the  motion  of  the  mechanisms  ( linear  and  angular 
displacements,  velocities,  and  elastic  forces  and  moments).  VMP  and  VEP 
subsystems,  considered  jointly,  form  \TMP.  The  third  level  contains  a 
functional  subs^'stem  (FP),  which  guarantees  formation  of  the  index  of 
quality  of  image  stabilization  f  and  which  includes  optical  elements 
that  are  combined  into  a  single  optical  system.  One  can  consider  the 
corresponding  regulators — RVEP,  RVEMP,  and  RTO,  which  are  a  coupled 
system  in  interlevel  subordination  in  the  control  module  (BU) ,  similar 
to  how  this  occurs  in  the  technical  control  object  (TOU).  The 
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subsystems  of  each  level  contain  information  systems  (IS)  and 
identifiers  (ID)  that  form  the  necessary  information  for  the  control 
process  at  each  level  and  in  the  control  system  as  a  whole*  The  given 
sets  of  regulators  are  determined  by  the  values  of  signals  t ^ ,  and 


The  possibility  of  top)ological  decomposition  of  a  complex  structure  into 
individual  subsystems,  each  of  vdiich  has  strong  internal  couplings  and 
weak  correlations  and  feedback,  is  provided  in  the  given  generalized 
structure  of  the  control  system.  This  type  of  decomposition  is 
’’horizontal  decomposition.”  Moreover,  ’’vertical”  topological 
decomposition,  which  includes  dynamic  decomposition  of  correlated 
separated  system  included  in  the  considered  level  subs,ystenis ,  is 
possible. 

Problems  of  design  of  electroniechanical  subsystems  from  ast^ect  f>f 
systems  approach.  The  resulting  dynamic  eri’or  of  the  electric  drive 
control  system  is  generally  dependent  on  the  regular  and  random 
components  of  actions.  The  regulator  components  of  the  actions  include: 
rotary  and  gear  changes  of  the  flow  of  the  engine  and  (related  to  this) 
variations  of  the  torque,  rotary  changes  of  the  moment  of  resistance  of 
the  mechanism  and  of  the  kinematic  gearing  and  also  changes  of  the 
electromagnetic  moment  in  DC  motors,  caused  by  commutation  in  the  brush- 
collector  assembly,  and  changes  of  the  electromagnetic  moment  in  AC 
motors  with  regard  to  deviation  of  the  shape  of  stator  voltages  and 
currents  from  harmonic  shape,  and  wave,  periodic  and  other  types  of 
changes  of  the  moment  of  resistance,  related  to  functioning  of  the 
technical  ob,ject.  The  random  components  of  the  actions  include  random 
variations  of  the  moment  of  resistance  and  of  the  network  voltage,  and 
noise  in  the  channels  for  measuring  the  coordinates  of  motion. 

The  component  of  the  resulting  error,  caused  by  variations  of  network 
motion  if  internal  subordinate  current  or  voltage  subordinate  control 
circuits  of  the  controlled  converter  are  used,  is  effectively  reduced  in 
the  control  systems.  Changes  of  the  moment  of  resistance  and  noise  in 
the  system  for  processing  information  about  the  coordinates  of  motion  of 
the  el€?ctric  drive  have  the  greatest  effect  on  the  dynamic  error  of  the 
system.  Optimization  of  the  system,  based  on  the  minimum  total  dynamic 
error,  is  related  to  satisfaction  of  contradictory  requirements  of 
optimal  filtration  of  measurement  noise  and  of  error  components  due  to 
variations  of  the  moment  of  load. 

Experimental  studies  of  precision  electric  drive  systems  show  that 
random  processes  are  subordinate  to  steady-state  and  ergodicity 
conditions  and  have  probability  density  distribution  according  to  normal 
law. 

The  perturbing  effects  and  noise  of  measuring  the  coordinates  of  motion 
may  have  the  most  diverse  form  in  practical  situations  and,  accordingly, 
the  form  of  a  description.  Specifically,  descriptions  in  the  following 
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form  may  be  an  adequate  description  of  them:  individual  harmonic 
components,  Fourier  series  /  (/)  =  /„  +  A,,  X  sin  (miJ  -{-  (p,,)  with  spectral 

k  1 

(  ^  \ 

densities  S(tf)  =  2n  /o8  (w)  +  U  (/l;V4)[8(w—  (»*) -|- 6  (o  +  white  or 

I  k~  1 

color  noise,  wave  processes,  and  also  different  combinations  of  them. 

The  structureof  the  control  system  can  be  different  in  this  regard  and 
can  be  more  or  less  adaptable  to  a  specific  pi’aetical  situation.  Design 
of  a  control  \'EMP  in  a  quasi-stabilizing  mode  reduces  to  design  of  a 
system  which,  being  a  closed  regulator,  would  correspond  to  the  minimum 
given  functional  of  quality.  The  problem  of  designing  a  control  \?EMP 
from  the  aspect  of  the  systems  approach  reduces  to  one  of  making  a 
decision  about  selection  of  one  alternative  from  a  set  of  alternatives 
according  to  generalized  criterion  of  quality  (5.1),  which  reflects 
quantitatively  the  properties  of  the  system.  The  problem  of  making  an 
optimal  decision  in  selecting  the  alternative  is  one  of  mathematical 
programming,  which  guarantees  determination  Q*  =  rain  Q  among  a  set  of 
estimates. 

Based  on  the  foregoing,  the  general  procedure  of  dynamic  design  of  a 
precision  control  \TMP  can  be  performed  by  using  a  computer  in  three 
steps:  1)  design  of  a  quasi-optimal  structure  of  the  system,  2)  design 

of  the  main  and  subsystems,  and  3)  parametric  design  Vvithin  a 
quasi-optimal  technical  realizable  structure.  The  basis  for  solution  of 
problems  of  the  first  step  is  use  of  a  compai’atively  limited  number  of 
structures  of  control  systems  with  approximately  equal  dynamic 
capabilities,  which  permits  one  to  select  a  quasi-optimal  structure  by 
approximate  dynamic  synthesis  with  regard  to  the  real  actions  and  main 
constraints . 

Complications  of  the  structure  of  a  control  system,  related  to 
measurement  of  additional  coordinates  (accelerations,  velocities, 
dynamic  moment)  are  .justified  only  if  the  measurement  noise  is  small 
compared  to  dynamic  fluctuations  of  the  coordinates  of  the  excited 
system.  The  feasibility  of  introducing  a  new  coordinate  can  first  be 
estimated  on  the  basis  of  the  inequalit.v 


D„i  <  4-  .( 


whei'e  D  .  is  the  error  in  measurement  of  coordinate  yi  and  SY  [  is  the 
H 1 

approximate  estimate  of  the  spectral  plane  of  the  coordinate  in  an 
excited  system. 


183 


Mot  only  the  noise  of  measuring  the  coordinates  of  the  system  and 
perturbations  by  load,  but  also  the  parametric  perturbations  in  the 
motors,  related  to  formation  of  electromagnetic  moments,  and  other 
effects  must  generally  be  taken  into  account  in  design  of  precision 
control  t'EMP.  Moreover,  the  constraints  of  the  output  voltages  of  the 
regulators,  coordinate  error  meters,  converters  and  constraints  on 
permissible  currents  of  the  motors  must  be  taken  into  account.  Let  us 
assume  that  the  effects  on  the  system  is  the  k-vector  p  (p  €  ) ,  while 

the  checked  coordinates  are  k-vector  y  (y  €  R' ) .  Let  us  assume  that  the 
index  of  quality  of  the  technical  object  is  determined  from  r 
coordinates  of  vector  y  of  g  coordinates,  while  the  remaining  indices  of 
the  (r  -  g)  coordinates  should  be  in  the  range  of  the  given  constraints. 

Considering  the  effect  on  the  system  in  the  form  of  suf)erix)sition  of 
determinant  and  stochastic  processes  and  assuming  that  it  is  possible  to 
represent  determinant  processes  in  the  form  of  a  Fourier  series,  let  us 

write  the  elements  of  vector  p  in  the  form  Pj  ~  qj  A j  X  sin  /  =  1,  k, 

where  qj  is  the  random  component  of  the  effect. 

Having  e.xpressed  the  spectral  density  Sqj(u)  of  the  random  component  qj 
by  the  intensity  of  white  noise  Nj  and  by  the  characteristics  of  the 

shaping  filter  Sgj  (o^)  =  where  is  the  transfer 

frequency  function  of  the  shaping  filter,  and  having  expressed  the 
spectral  density  of  the  harmonic  component  of  the  effect  in  the  form 

S  ^j  (co)  =  2nAjli  16  (w  —  (Ojj  -4-  6  (o)  +  o>^)  I  and  I’elating  the  transfer  function 

of  the  filter  to  that  of  the  control  system  from  the  j-th  effect  on  the 
i-th  coordinate  Wi  j (tf),  one  can  wxite  the  mean  square  dynamic  deviations 
of  the  i-th  coordinate  in  the  following  form: 


yi 


k 


/=1 


j  I  (/w)  Wii  (/o>)  P  do)  +  0,5/4^  1  Wii  (/O),)  1' I . 


oo 

Or,  taking  into  account  that  the  expression  1/2jx  j  \W,pj  (jw)  XWij{jio)^\d(i)  =tO;- 

-OO  “ 


is  the  effective  bandwidth  of  the  system  f9],  and  having  denoted 
0.5A“j  =  A'2j,  we  find 


yi 


/  =  ! 


(5.4) 
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If  the  random  effects  are  presented  in  the  form  of  the  k-dimensional 
vector  of  vdiite  noise  intensities  N  —  [NiN^  the  regular 

effects  in  the  form  of  the  k-dimensional  vector  of  squares  of  amplitudes 
A  =  [Ai‘Ao  ...  A'kY  and  of  dynamic  deviations  of  the  coordinates  in  the 
form  of  the  r-diniensional  vector  of  the  mean  squares  of  deviations  y  = 

“  \y\yi  •••  equation  that  characterizes  the  dynamic  processe  sin 

the  system  can  be  written  in  vector  matrix  form  in  the  fom 


y  =  WN-f-KA,  (5.5) 

where  W  is  a  r  *  k  matrix  of  the  effective  bandwidths  of  the  system,  and 
W  =  I  —  1.  r,  /■  =  1,  and  K  is  a  r  x  k  matrix  of  the  squares  of  the 

moduli  of  the  transfer  frequency  functions,  and  K  =  II  (yo,)  |M,  i~  1,  r, 

J  -  1  *  k. 

The  integrals  of  the  elements  of  the  matrix  of  the  effective  bandwidths 
W  can  be  reduced  to  typical  form  and  the  tabular  values  of  the  integrals 
can  be  used  in  the  calculations  [9]. 

The  parameters  of  the  regulators,  at  which  minimum  total  variation  or 
mean  square  deviations  of  the  output  coordinates  is  provided  when  taking 
into  account  the  main  constraints  in  the  system  and  the  flexible 
mechanical  couplings  of  the  electric  driv^es,  are  found  within  the 
quasi-optimal  structure  during  parametric  optimization  of  the  system. 

The  transfer  frequency  functions  Wjj  (.jtf)  are  formulated  on  the  basis  of 
standardized  dynamic  characteristics  of  the  control  circuits  of  separate 
systems  upon  variation  of  a  number  of  parameters.  Having  denoted  the 

vector  of  the  variable  parameters  a  —  lotjCCj.  «iF,  one  can  write  the 

generalized  criterion  of  quality  in  the  following  form: 


Q  —  i  (’ll/?  (w),  (5.6) 

The  constraints  of  the  remaining  r  -  g  coordinates ,  written  in  the  form 

of  inequalities  tfi  (a)  <  Cj  at  i  =  g  +  1,  r,  can  be  established  in  the 

following  manner.  The  value  Ain.a.\-  «  3n,^;.  /  —  g  -f  1 ,  r,  where  Oj,,  —  (a) 

is  the  mean  square  deviation  of  coordinate  yi ,  can  be  taken  as  the 

maximum  deviation  with  normal  law  of  distribution  of  the  dynamic 
deviations  of  the  coordinates  of  systems. 
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The  conditions  for  taking?  into  account  the  constraints  during  design  of 
the  system  can  be  witten  in  the  form  Oyi  (1/3)  C/,  i  =  oi* 


yi  (1./9)  Q'  I  =  g  4-  I .  r. 

If  each  of  the  vectors  y,  N,  A  and  a  are  represented  in  the  form  of 

ccanposite  vectors  y  --  [y!  ■  yl ':  •••  j  yg]^;  N  —  fN| ’;NI  •  ...  A  —  [A|;AI:...;A 

and  a  —  [a| ;  rtj  j  ••• :  Og]*^  according  to  the  number  of  coordinates  contained 

in  the  generalized  criterion  of  quality,  equation  (5.5)  can  be 
represented  in  block  matrix  form 


.Vi  («) 

Wn(a)  1  W,,,(«)|. 

.  1  W,g(«) 

yz  («) 

W„(a)  1  W,2(«)j. 

.  1  W,g(a) 

• 

;  j  :  1-  .  1  ; 

!  •  J_ '  _  • 

yg  («) 

Wgi(«)  jWg,(a)l 

•  !  Wgg(a)_ 

Ni 

Kii  (tt)  1  Ki2  (oc)  I .  . 

.  1  K,g(a) 

At 

N, 

Ka,  (a)  I  K22  ('^)  [ .  . 

.  1  K.2g  (a) 

A. 2 

X 

-1- 

t  1 

• 

Ng 

Kg,  (a)  jKgaN  }.  - 

.  1  Kgg  (a)  _ 

If  the  dynamic  decomposition  conditions  are  implemented,  the  quadratic 
block  matrices  can  be  represented  in  the  form  of  diagonal  block  matrices 
and  equation  (5.7)  can  be  written  in  the  form  of  g  matrix  equations 


>»,•(«<)  =  Wf,(a;)N,- 4-  K,i(a/)  A, •,  t  =  1,  g, 

which  contain  components  of  vectors  yi ,  Ni ,  Ai ,  and  rti ,  the  elements  of 
vdiich  are  related  only  to  the  natural  main  separate  systems.  This 
representation  considerably  simplifies  design  of  the  control  \T>IF. 


186 


7q  H 


I  P.vm/e  r?.?  63k"C  ijnpaR.npM'fi  (1)  ,  _  I 


^SodnHUBHl 
cuhriMWiec- 
Hi/f€  rr,0Hh'!:r:7ih 


r-ta) 


Pe.WM 

rp;i:iHuuonunfj~ 

cjjnir.o^ndfuf- 

'iCHUP  ' 


i-JMcnipyh^iid: 
yf'X'7HLf,?.\*a  ' 


10 


wr 


-1 


Moodnu 

tJmiy- 

idtiHUi! 

ivy 


npu5,nii>xr,}*Hii:j  I 
Mooenh  /?.4;/7(ip.) 


T 


Jl(^^c>vno3uiiijs  , 
cucrr.Bv.b!  (12) 


i:> 

ieir 

III; 


-C 


CuHiv.eo  B3MC 
no  npnd'iimefi  ■  , 
ticfi  MQde.nu  (Ip) 

Z1  I 


bOOCObnl 

dnDuoHm 

C'ycnf^.M 


ak) 


ixex. 


B3n 


-07) 


Cu'ime3 
BMP 


(18)^ 


r 


CoHmej  B3\  'C.  onnafiip^ 
HUS  no  yoio^^'Meubu 
Modenu  n9)[ 


— 

BapL/OHiTlbl 

onenmno- 

noudoond 

Bapiraiinibi 

UHCpopMa- 

yuuHHtix 

cucmvM 

- 

Modem 

smumoo- 

npudnnod 


7^ 


Modem 

UHqhlMQUUQH- 

hbixcuomoM 


w 


-4^ 


npoSepm  conmSemcm^u  .  o 
ous  pesysemumofl 
CUM  mesa  sndoHUH)  '  ’  '  ' 


1  (20) 


(23) 

19 

ymouHeHHOs 

HOHCmpUh'liUfJ 

MeXOHNOMa 

CuHmeo 

eoSepLUBH 

p 

fS 

yihcwHue 

UCXOOHbiX 

daiiHbfx 

(26) 

Figlire  5.2.  Diagram  of  Algorithm  for  Design  of  VEMP 
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Input  data  for  design  of  control  VEMS 
Program  for  dynamic  accuracy 
Functional  and  constraint  mode 
Variants  of  electric  drives 
Variants  of  information  systems 
Initial  design  of  mechanism 
Models  of  perturbations 
Models  of  electric  drives 
Models  of  information  systems 
First  stage  of  design 
Approximate  model  of  VMP 
Decomposition  of  system 


(Key  continued  on  following  page) 
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13.  Design  of  VEMS  by  approximation  model 

14.  Basic  version  of  system 

15.  Second  step  of  design 

16.  Design  of  VEP 

17.  Design  of  VMP 

18.  Third  step  of  design 

19.  Design  of  control  VEMS  according  to  refined  model 

20.  Refined  design  of  mechanism 

21.  Check  of  conformity  of  results  of  design  to  program 

22.  Yes 

23 .  Design  ccanpleted 

24 .  No 

25.  Refinement  of  input  data 
Thus,  a  solution  for  which 


Q*  =  min 


<?  =  Ij  bi!/]  (a) 

I— 1 


at 


g  Cl,  i  1,  /',  CC  f  /Ucr. 


(5.9) 


must  be  found  with  regard  to  the  adopted  alternatives  of  design  of  a 
control  \'EMP. 

The  elements  of  vector  a  are:  the  coefficients  of  inertia  and  the 
parameters  of  the  flexible  couplings  of  the  electric  drives,  the 
parameters  of  the  regulators,  the  cutoff  frequencies  and  the 
coefficients  of  the  ratio  of  adjacent  frequencies  of  amplitude- frequency 
characteristics  of  the  system,  corresponding  to  the  transfer  functions 
of  the  given  type  for  separate  control  systems.  The  value  of  which 
satisfies  formula  (5.9)  and  which  establishes  the  basic  version  of  the 
control  system  among  the  adopted  alternatives  of  the  structures  and 
elements  during  the  first  step  of  design,  the  bandwidths  of  the  separate 
systems,  and  the  coefficients  of  inertia  of  the  drive  elements  of  the 
mechanism;  it  establishes  the  refined  versions  of  the  electromagnetic 
and  mechanical  subsystems  during  the  second  step  of  design;  and  it  is 
establishes  the  parameters  of  the  regulators  of  the  separate  systems  and 
the  estimates  of  the  achievable  indicators  of  the  criterion  of  equality 
with  regard  to  refinecJ  models  of  electromagnetic  and  mechanical 
subsystems  during  the  third  step.  The  problem  of  design  is  solved  on  a 
computer  by  nonlinear  programming  methods.  Dynamic  decomposition  of  the 
system  is  guaranteed  at  each  level  and  in  the  entire  system  as  a  whole. 
The  algorithm  for  design  of  a  control  VEMP  is  explained  by  a  diagram 
{Figure  5.2). 

5.2.  Dynamic  Characteristics  of  Electromechanical  Subsystems 

Dynamic  models  of  electromechanical  subsystems.  Electric  torque  motors 
can  be  used  in  precision  movement  control  systems.  The  known  condition 
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of  disregard  of  feedback  according  to  the  emf  of  the  electric  motors  is 
almost  always  fulfilled  in  jjrecision  electric  drives  if  there  are  no 
reduction  gears  and  if  there  are  large  moments  of  inertia  of  the  driving 
devices  of  the  mechanisms  [7].  The  electric  motor  can  be  regarded  as  an 
electromagnetic  moment  shaping  device,  and  its  moving  mechanical  parts 
can  be  regarded  as  elements  of  a  mechanical  subsystem.  This  is  even 
more  valid  if  the  electric  motor  is  built  into  the  mechanism. 

There  are  no  principal  complexities  in  development  of  highly  efficient 
DC  and  AC  electric  drives  with  the  modern  development  of  semiconductor 
technology  and  control  devices.  Selection  of  the  type  of  electric  drive 
is  determined  as  a  result  of  design  of  the  control  system  as  a  whole 
with  regard  to  its  characteristic  features.  The  problem  of  independent 
control  of  the  electromagnetic  moment  and  flux  of  the  motor  ordinarily 
arises  upon  control  of  DC  and  AC  electric  drives.  This  problem  is  easy 
to  solve  due  to  the  design  features  of  electric  motors  in  DC  electric 
drives.  Electromagnetic  subsystems  of  DC  electric  drives  have  been 
thoroughly  studied  and  have  been  widely  illuminated  in  the  technical 
literature.  AC  electric  drives  CK^cupy  a  different  position.  Despite 
the  large  number  of  papers  on  AC  electric  drives,  they  are  considered  in 
control  systems  with  regard  to  surplus  parts,  which  make  it  development 
of  simple  algorithms  for  control  and  design  of  electric  control  systems 
difficult.  Advances  in  this  problem,  which  have  been  notexl  during  the 
past  few  years,  determine  the  appearance  of  prerequisites  on  the  use  of 
those  methods  for  design  of  AC  electric  drive  control  systems,  which  are 
used  for  DC  electric  drive  control  systems. 

If  there  are  no  linits  with  distributed  parameters  in  explicit  form  in  a 
multimass  flexible  mechanical  subsystem,  xvhich  is  controlled  by 
multimotor  electric  drives,  the  mechanical  subsystem  can  be  represented 
in  the  form  of  many  elements  with  concentrated  masses,  connected  to  each 
other  by  massless  flexible  couplings.  The  main  motion  and  oscillatory 
motions  with  respject  to  the  main  motion  will  be  completed  under  the 
effect  of  several  input  variables  of  the  \^IP.  Oscillations  of  the  \>IP 
are  alwa^'s  attenuating  due  to  the  effect  of  the  restoring  forces  of  the 
system;  therefore,  mathematical  description  of  the  V’MP  should  be  carried 
out  with  regard  to  these  forces.  However,  this  can  te  done  only  for 
simple  cases  or  after  simplification  of  the  initial  model  of  the  system. 
This  is  explained  by  the  fact  that  the  total  mathematical  model  of  the 
V^IP  may  be  complicated  and  access  to  it  in  problems  of  analysis  and 
design  of  coupled  control  systems  essentially  becomes  impossible.  A 
detailed  mathematical  description  of  the  VMP  can  initially  be  compiled 
without  regard  to  damping  forces,  it  can  be  simplified  such  that  the 
dynamic  properties  of  the  system  c^an  be  rather  accurately  reflected  in 
the  given  frequency  bands  of  separate  subsystems,  and  the  damping  forces 
can  then  be  taken  into  account  in  the  simplified  models. 

Systems  with  distributed  parameters  can  also  be  reduced  to  mechanical 
systems  with  concentrated  parameters. 
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The  following  problems  occur  during  study  of  V’MP:  1)  determination  of 
the  structure  of  the  mechanical  model  of  the  \iyiP  that  guarantees  optimal 
solution  of  the  pi'oblem  of  control  of  the  VTIMP  at  m  input  and  r  output 
variables,  and  2)  analysis  and  design  of  a  VTIP,  according  to  which  those 
combinations  of  inertial  stiffness  and  damping  parameters  are  in  the 
design  stage,  which  would  guarantee  low  intensities  of  the  \'ibrations  of 
the  mechanism  in  given  frequency  bands  of  separate  control  subsystems. 

Let  us  consider  the  more  general  version  of  a  t'MP,  in  xvhich  the 
individual  elements  of  the  system  have  several  degrees  of  freedom.  The 
differential  equations  that  characterize  the  free  vibrations  of  this 
can  be  found  from  Lagrange  equations: 


d  /  ar  \  __  _  dll  . 

dt  V  dqj  )  dqj  dqj  ' 

k  k 

i  I  /  I 

I  1/1 


(5.10) 


Multiplying  out  equation  (5.10)  with  respect  to  T  and  II  results  in  a 
system  of  second-order  linear  homogeneous  differential  equations 


Mq-I  Cq  =  0,  O.li) 

where  q  is  the  k-vector  of  generalized  coordinates  .M,  C  is  the 
symmetrical  quadratic  k  x  k  matrices  of  the  coefficients  of  inertia  and 

stiffness  coefficients,  respcictively  (gj;  —  Hy,-,  Cjj  —  Cji). 

The  structure  of  a  mechanical  model,  which  can  subsequently  be  used  to 
analyze  and  design  the  VMP,  can  be  compiled  from  the  differential 
equations  found  in  this  manner. 

Substituting  the  partial  solutions  into  equation  (5.11),  we  find 


—  A.Mqi,  Cqo  =  0, 

Vvhere  qo  is  the  k-vector  of  the  relative  amplitudes  of  free  \ibrations 
and  i  =  u'“y.  (Footnote)  (Here  and  further  the  bar  on  top  denotes  the 
relative  values) 
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Having  rewritten  this  equation  in  the  form 


(M-^C  --  U)  q,  -  0, 


(5.12) 


where  I  is  a  unit  matrix,  we  can  determine  vector  qo  as  the  eigenvector 
of  matrix  M"^C,  and  we  can  determine  ^  as  its  eigenvalues. 

Equation  (5.12)  can  be  written  for  many  versions  of  mechanisms  in 
simpler  form 


(G  —  AI)qo  =  0, 


(5.13) 


where 


^2l/|^22  ^22/M22  *  •  •  ^2/j/f^22 


fhuV'hh  Ch2il'^hh  (^hhiVhh 

Cil  Ci2  .  .  .  C\f{ 

C21  C22  .  .  . 

^k\  ^li2  •  •  • 


The  eigem^lues  i  1  ,  /I*?,  /Ik  of  matrix  G  determine  the  natural 

vibration  frequencies  of  the  mechanical  subsystem  iLy\  =  j  (0^2  = 

Solution  of  equation  (5.13)  for  each  of  the  derived 

yields  the  eigenvectors  of  matrix  G,  of  important  significance  in  study 
of  the  dynamics  of  the  \^IP. 

The  ratio  of  the  relative  vibration  amplitudes  of  the  elements  of  a 
mechanical  system  is  illustrated  graphically  in  theoretical  mechanics  in 
the  form  of  the  types  of  vibrations.  However,  they  do  not  yield  a  clear 
answer  about  the  preferred  affiliation  of  the  vibration  frequency  of 
interest  to  one  or  another  element  of  the  \^IP.  This  information  cari  be 
found  if  the  distribution  of  the  relative  values  of  the  potential 

energy,  stored  in  the  flexible  couplings  77^/ Cn  Qo  ^  —  ^7o/r)^  where 
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1 


is  the  relative  value  of  the  potential  energy  stored  in  the 

flexible  link  cij  at  /I  =  and  qoir  and  qojr  are  the  relative 

vibration  amplitudes  of  the  i~th  and  j-th  inertial  links,  is  considered 
jointly  with  the  forms  of  vibration  for  each  a^yr  . 

One  can  then  establish  the  affiliation  of  each  vibration  frequency  to 
elements  of  the  VW,  which  is  important  in  problems  of  design  upon 
variation  of  the  inertial  stiffness  parameters  to  find  given  vibration 
frequencies. 

The  transfer  matrix,  which  links  the  output  and  input  variables,  must  be 
known  for  mathematical  description  of  the  mechanical  system  in  the 
control  system.  This  matrix  can  be  determined  either  by  the  equation  of 
state  or  directly  by  differentia]  equations,  compiled  for  the  known 
structure  of  the  mechaniv?a]  model  in  the  form 


(3.14) 


The  resolvent  (pi  -  A)"*  of  matrix  A  can  be  determined  if  one  uTites: 


det  {p\  —  A)  ==  A  (/7)  =  /;  *  -f"  ^  "h  ^iP  ^  ~f“  *  *  ’  + 

adj  (pi  -  A)  =  P  (/;)  =  Ip"-'  -f-  PiP"--  +  •  •  •  +  Pn-i, 

where  A(p)  is  the  characteristic  ix^lynomial  of  the  system  and  P(p>  is 
the  reduced  matrix. 

Coefficients  and  matrices  Pi  are  calculateid  according  to  the  Fadeyev- 
Leverier  algorithm  [75]. 

Having  made  the  substitutions  of  A(p)  and  P(p)  in  expression  (5.14),  we 
find 


ri— l 

W  (p)  =  A-1  (p)  H  A\,p"-'-' 


where  ^  CP,B;  Po  =  I. 

The  transfer  matrix  W(p)  is  a  i3olynomial  matrix  whose  elements  are 
transfer  functions  Wjs(p)  between  the  j-th  output  yj  and  the  s-m  input 
Us 
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is  the  s-th  column  of 


where  is  the  j-th  row  of  matrix  C  and 

matrix  B. 

The  algorithms  for  calculation  of  the  transfer  functions  for  specific 
numerical  values  are  realized  on  the  computer. 

Matrix  A  contains  coefficients  which  can  be  determined  from  the  system 
of  equations  written  on  the  basis  of  equations  (5.13)  with  regard  to 
additional  variables  and  adopted  notations 


A  = 


Matrix  B  is  determined  by  the  right  side  of  equations  (5.13)  if  they  are 
wxitten  for  induced  motions  of  a  specific  mechanical  system. 
Specifically,  if  one  assumes  that  the  generalized  force  (considered  as 
an  input  variable)  acts  on  each  element  of  the  mechanical  system  and  if 
there  are  no  moments  of  resistance,  matrix  B  can  be  i-jritten  in  the 
following  form: 


B 


_0  ! 

1  B22 

,  rjie  B22 


l/Mii  0  .  .  .  0 

0  1/H22  .  .  .  0 


0  0  .  .  . 


Writing  the  transfer  matrices  in  the  form  of  (5.14)  is  more  general. 
However,  this  can  be  done  in  analytical  form  only  for  the  simplest 
cases.  The  calculations  for  specific  numerical  values  of  the  elements 
of  the  matrices  of  the  equation  of  state  must  primarily  be  made  and 
transfer  matrices  with  numerical  values  of  the  coefficients  must  be 
found,  which  causes  difficulties  in  analysis  and  design  of  control 
systems  with  VMP. 

Design  of  electromechanical  subsystems.  Problems  of  design  of 
electromagnetic  and  mechanical  subsystems  can  be  formulated  separately 
according  to  the  tasks  and  the  general  algorit)im  for  design  of 
electromechani cal  subsystems . 
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The  x>roblem  of  design  of  an  electromagnetic  subsystem  is  formulated  from 
the  condition  of  finding  the  minimum  dynamic  errors  of  reproduction  of 
control  actions.  Design  of  electromagnetic  subsystems  from  this 
condition  can  most  frequently  te  reduced  to  design  of  a  controlled 
semiconductor  transducer  uith  given  ijandwidth  of  the  control  actions, 
since  it  is  the  constraints  on  this  frequency  band  that  are  an  obstable 
in  realization  of  control  circuits  with  given  frequency  bands  that 
rejii'oduce  the  range  of  control  actions  essentially  without  distortions. 

The  problem  of  designing  flexible  multimass  mechanical  subsystems  is 
formulated  from  the  condition  of  finding  the  given  dj-namic 
characteristics  of  the  subsystems  in  the  frequency  bands  essential  for 
motion  control  systems. 

The  problem  of  design  of  a  WIP  is  formulated  from  the  results  of  design 
of  electromechanical  control  systems  from  the  condition  of  finding  the 
given  bandwidth  of  the  system  and,  acc;ordingly,  oi’  the  minimal 
frequencies  of  elastic  vibi'ations  of  the  \TiP. 

The  problem  of  determining  the  structure  of  the  mechanical  mtxlel  of  the 
tTlP  and  of  the  inertial  stiffness  and  damping  parameters  that  guarantee 
low  intensity  of  elastic  vibrations  of  the  mechanism  tvithin  given 
frequency  bands  is  solved  for  the  initial  design  of  the  mechanism. 
According  to  this,  the  design  jjarameters  of  the  mechanism  are  refined. 

The  parameters  of  the  VMP  must  generally  be  selected  such  that  the 
siaectrum  of  matrix  G  is  in  a  given  ratio  with  the  bandwidth  of  the 
control  system,  while  the  relative  amplitudes  of  the  vibrations  assume 
given  values.  It  is  sufficient  diiring  design  of  \^IP  to  limit  oneself  in 
the  mgLkeujj  of  the  control  system  to  the  lo^v^er  part  of  the  spectrum  and 
to  consider  two-three  minimal  values  Ip.  which  have  the  most  influence 
on  the  dynamics  of  the  control  system.  Assuming  that,  besides  the 
vibration  elements  of  the  elements  of  the  I'M?,  it  can  move  as  a  unit 
whole  and,  accordingly,  -  0  and  /l2  will  be  the  minimal  v'alue  that 
characterizes  the  vibration  motions  of  the  \TIP.  The  problem  of  design 
of  the  \I^1P  W'ill  then  reduce  to  synthesis  of  the  values  of  the  inertial 
stiffness  parameters,  at  which: 


Aj  ^  ^2  3an'  ^1^2'  ^'1  ^  I 

I'l;  Ml/  Ml/'  ^i'/  ^  ^^/’  ^ 


where  a|  and  a2  are  the  coefficients  of  the  ratio  of  the  eigenvalues  of 
matrix  G,  and  '1 233^  given  eigenvalue  established  according  to  the 

minimum  permissible  for  the  control  system  of  the  elastic  vibration 


frequency  (Djysaa-,  >-  Mi'/>  Mi/>  '^i/>  <^1/  the  given  range  of  variation 

of  the  coefficients. 
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Coefficients  aj  and  ao  can  be  selected  on  the  basis  of  the  two  following 
conditions.  The  first  condition  is:  the  need  to  eliminate  beating  in 
the  tllP,  which  occurs  at  similar  values  of  the  minimum  free  vibration 
frequencies.  The  spectrum  of  matrix  G  for  this  case  is  considered  as 
having  no  bearing  on  the  bandwidth  of  the  control  system.  The  second 

condition  is:  the  need  to  guarantee  the  ratios  ^  X.^-,  Xj  >  1.,:  —  oX.^. 

with  respect  to  I?*  at  which  elastic  vibrations  at  frequency  u'y2  can  be 
compensated  by  the  control  devices. 

The  problem  of  design  of  a  I'M?  according  to  condition  (5.15)  can  be 
expanded  so  that,  besides  synthesis  of  the  given  values  of  lr>  the 
values  of  the  relative  free  vibration  amplitudes  are  also  synthesized. 
Specifically,  one  can  set  up  the  condition 


(jo  jr  -*■  0, 


(5.16) 


where  qo j r  is  the  relative  amplitude  of  the  free  vibrations  of  the  j-th 
element  of  the  VMP  at  r-th  frequency,  which  results  in  partial  reduction 
of  the  zeros  and  poles  of  the  transfer  functions  and  improves  the 
dynamic  properties  of  the  properties  of  the  tW. 

Problems  of  analysis  and  design  of  mechanisms,  according  to  which 
combinations  of  inertial  stiffness  parameters  that  guarantee  the 
operation  of  the  mechanism  outside  the  range  of  resonance  v'ibrations  are 
found  in  the  design  stage,  are  considered  in  machine-building  theory 
[56,  68].  A  widespread  problem  of  design  of  mechanisms  is  that  of 
separation  of  the  resonant  frequencies  of  the  mechanism  from  the 
frequencies  of  the  perturbations  acting  on  it.  Equations  (5.11)  fulfill 
the  design  of  the  mechanism  for  this  purpose  on  the  basis  of  variation 
of  the  coefficients  of  matrices  M  and  C  primai’ily  by  search  methods  in 
different  modifications  with  the  use  of  experiment  planning  methods  and 
dispersion  analysis  of  the  natural  v'ibration  frequencies  for  all  the 
variable  coefficients.  A  large  volume  of  studies  must  be  carried  out  to 
obtain  reliable  information  about  the  parameters  to  be  synthesized  from 
dispersion  analysis.  If  one  also  considers  the  relative  vibration 
amplitudes,  besides  the  natural  vdbration  frequencies,  solution  of  the 
problem  of  design  is  complicated  considerably. 

Developnent  of  methods  that  permit  direct  solution  of  the  problem  of 
design  and  the  search  for  forms  of  mathematical  description  of  VMP,  at 
Tvhich  the  relationships  of  the  values  of  the  natural  frequencies  sind  the 
relativ^e  amplitudes  of  free  vibrations  to  the  coefficients  of 
differential  equations  are  determined  directly,  becomes  timely-  K’ith 
regard  to  the  foregoing. 

The  method  of  design  of  a  \MP,  which  is  based  on  transition  from 
differential  equations  (5.11)  in  generalized  coordinates  to  differential 
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equtions  in  principal  coordinates,  is  convenient  in  ix>stulation  of  the 
above  probi em  [74] 


(5,17) 


where  '*1  ^  r|;JT  is  the  vector  of  the  principal  coordinates,  J)  = 

-  Q^^q,  and  Q  ~  [qnjrl  is  a  matrix  of  the  relative  vibration  amplitudes, 
and  M*  and  C*  are  diagonal  k  x  k  matrices  of  the  reduced  coefficients  of 
inertia  and  of  the  stiffness  coefficients. 

This  approach  is  essentially  decomposition  at  the  le\'el  of  the 
mathematical  model  of  the  since  each  principal  coordinate  performs 

only  monoharmonic  vibial  ional  motion,  described  by  the  equation 


rb  =  il;oSin  (to,,./  0), 

where  3/jo  is  the  vibration  amplitude  of  the  i~th  principal  coordinate. 

Since  matrices  M+  and  Ct  are  diagonal,  the  eigenvalues  of  the  matrix  are 
found  by  the  formula  Ir  ~  f  =  f 

The  elements  of  diagonal  matrices  M*  and  C*  are  determined  from  the 
equations : 


If 

n;,.  =  i;,  2] 

t  :  1  ) 

A'  /’ 

Cii  ==  Xf  2j  ^ijQoil  Qojl  • 

j-1 

Moreover,  the  parameters  of  the  144?  are  related  to  the  condition  of 
orthogonality  of  the  principal  coordinates,  which  are  written  in  the 
form: 


(5,18) 


(5.19) 


k 


h 


M/Z/niK/nyV  0>  /,  /  =  1,  /; 


(5.20) 


U  !■  Cijq.yaq„],  =  0, 

i=i  /.--i 


I,  f  =  \,  k;  / 7^/. 


(5.21) 
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A  mathematical  description  of  the  can  be  compiled  on  the  basis  of 
equations  {5.18)--{5.21)  for  solution  of  the  problem  of  design  by 
conditions  (5, 15}  and  (5.16).  This  can  be  done  in  the  form)  of 
normalized  equations,  having  taken  as  the  basic  values  the  coefficients 
of  and  Cg.  Turning  to  the  relative  coefficients  and  having  made  the 

transformations,  we  find 


k  k 

1]  E 

1^1  /-i 

k  k 

1  =  1  /=! 

E  E  -  0;  /,  /  =  T7I,  /¥=/; 

1-1  ;-l 

E  I,  f^TTk,  l^h 

1=1  /=i 


(5.22) 


Mil  <  Ti.  /  <  )'//: 

^'i/ 

X2  ^  ^23a,T 

Xr  ^  ^  3,4, 


(5.23) 


where  fkj  is  a  small  value,  distinct  from  zero  and  which  determines  the 
boundary  in  values  qo  j  r  upon  its  approach  to  zero  and  t^bich  determines 
the  significance  of  the  system  of  equations  with  respect  to  qo  j  r • 

Solution  of  system  of  nonlinear  equations  (5.22),  which  satisfy 
inequalities  (5.23),  is  possible  by  nonlinear  programming  methods  with 
constraints  oriented  toward  the  use  of  a  computer.  Having  denoted  the 
square  of  the  left  side  of  the  s-th  equation  of  system  (5.22)  as 

/es,  s  —  1,  ni  and  having  used  the  method  of  penalty  functions  to  solve  the 

nonlinear  programming  problem  with  constraints  [78],  let  us  wTite  the 
specific  function  in  the  form 


E  Icf  "1  E  fine* 

s=l  S=“l 


(5.24) 
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where  is  the  penalty  function  with  respect  to  the  g-th  variable 

parameter,  introduced  as  a  constraint  function,  and  h  is  the  number  of 
variable  parameters. 

The  penalty  function  for  each  variable  parameter  bg,  which  is  the 
coefficient  of  inertia  or  stiffness  and  which  has  constraints  in  the 

form  of  inequalities  /jg  < <  ftg,  can  be  formed  from  the  condition 

/mg  =  0,  at  I  —  Abg  (k)  I  <  Abg\  | 

/mg  = /'mg  [Afcg (/;)f ,  :,f  \Abg-  Abg{k)\'^Abg,]  (5.25) 

where  Abg  (k)  =  |6g  (k)  —  bgn\;  Abg  =  b"g  —  bgn,  bg  {/;)  is  the  value  of  the 
variable  parameter  on  the  k-th  variation  step,  bgo  is  the  mean  variable 
parameter,  bgo  —  0,5  (bg  +  b"g)  and  is  a  weight  coefficient. 

The  initial  vector  of  variable  parameters  b  is  determined  by  given 

H3.  n 

WIP,  corresponding  to  the  initial  design  of  the  mechanism.  The  design 
algorithm  is  based  on  the  iteration  procedure  of  maximizing  the  value  of 
/l-j  within  condition  (5.15).  The  specific  function  is  minimized  at 

each  iteration  step.  Situations  may  arise  at  which  condition  (5.15)  is 
not  satisfied  due  to  the  small  boundaries  of  the  variable  parameters. 
Condition  (5.15)  then  essentially  reduces  to  the  condition: 


^'2  ^2inaxl  ^3  ^  ^4  ^  | 

It/ ft’/i  1 


otherwise,  the  design  for  =  '^23SiA  e.xpansion  of  the  boundaries  of 


the  variable  parameters  can  be  carried  out.  The  design  algorithm  of  the 
VMP  is  based  on  iteration  procedures  of  maximization  of  lo  up  to  values 
of  estimate  of  sensitivity  6l-<2(k)/<ilbg(k)  and  on  sequential 


exTpansion  of  the  boundaries  of  the  parameters  by  tdiich  the  estimates  of 
sensitivity  are  maximum. 


The  outlined  method  of  design  is  easily  used  in  design  problems  of 
raultimass  mechanical  subsystems,  contained  in  electromechanical  control 
systems.  All  the  correlations  of  the  variables  are  clearly  determined 
to  the  maximum  extent  when  it  is  used  and  the  physical  interpretation  of 
the  intermediate  and  final  results  of  design  is  maintained. 

Difficulties  of  using  the  method  may  arise  at  large  size  of  the  due 
to  the  increase  of  the  number  of  nonlinear  equations.  These 
difficulties  can  be  overcome  by  simplification  of  a  complex  VMP.  To  do 
this,  one  can  use  the  known  methods  or,  using  the  description  of  the  VMP 
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in  the  principal  coordinates  (as  in  the  problem  fo  design),  it  can  be 
simplified  by  solving  a  system  of  nonlinear  equations  of  smaller 
dimension  with  retention  of  the  low  spectrum  of  free  vibration 
frequencies. 

5.3.  Electromechanical  Subsystems  Based  on  Ti-JO-Channel  Precision 
Electric  Di'ives 

Increase  of  electric  drive  accuracy  and  of  their  functional  capabilities 
by  creation  of  two-channel  control .  A  characteristic  feature  of  image 
stabilization  systems  is  the  need  to  achieve  lov>;  motion  speeds  of  the 
optical  elements  with  high  dynamic  accuracies.  These  motions  are 
realized  most  successfully  in  two-channel  electric  drive  systems. 

Papers  (23,  53,  55,  71]  are  devoted  to  study  of  two-channel  motion 
control  systems.  Precise  motions  are  guaranteed  in  these  systems  in 
differential  circuits  for  connection  of  electric  drives  with 
combination,  iterative,  or  hierarchical  control  sti’ucture.  A 
qualitative  survey  of  two-channel  (multichannel)  systems  is  given  in 
[29]. 

Let  us  consider  the  operating  principles  and  dynamic  models  of 
two-channel  phase  electric  drive  systems,  which  form  angular  and  linear 
precision  motions  of  mechanisms.  The  characteristic  feature  of  these 
systems  is  that,  tesides  helical  gears  to  form  linear  displacements, 
different  mechanical  gears  are  eliminated  in  them,  in  the  presence  of 
which  the  accuracy  indicators  of  the  drives  are  considerably 
deteriorated  due  to  the  appearance  of  elastic  vibrations  of  the  gear 
elements.  And  this  results  in  limitation  of  the  bandwidths  of  the 
control  systems.  Kinematic  errors,  studies  of  v^hich  have  been 
extensively  outlined  in  the  technical  literature,  for  example,  in  [67], 
are  reflected  in  the  dynamics  of  electric  drives.  The  noted  factors 
have  considerably  less  manifestation  in  screw  gears.  Thus,  studies  of 
many  of  the  most  diverse  mechanisms  of  linear  displacements — hydraulic, 
pneumatic,  piezoelectric,  levers,  screw  and  other  hybrid  systems — are 
presented  in  [22].  The  greatest  accuracies  were  achieved  in  a  drive 
with  a  planetary  roller  screw. 

According  to  the  foregoing,  two-channel  control  can  be  developed  with 
respect  to  image  stabilization  systems  using  combination  information 
systems,  on  the  basis  of  which  phase  control  is  achieved. 

Two-channel  phase  control  is  achieved  in  the  simplest  version  when  using 
rough  and  precise  channels.  The  signals  can  be  added  both  in  the  moving 
moment  (force)  formation  assembly  and  directly  by  the  coordinates  of 
motion.  Specifically,  one  can  use  control  systems  with  separation  of 
channels  by  speed  through  the  use  of  low-  and  high-frequency  filters  and 
also  level  restrictions  of  signals.  (Footnote)  (USSR  inventor’s 
certificate  779,772)  These  systems  can  be  regarded  as  quasi-autonomous 
in  study  of  the  dynamics.  Design  of  systems  according  to  integrated 
quadratic  criteria  of  quality  essentially  reduces  to  design  of  a  precise 
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channel,  while  the  course  channel  is  regarded  as  a  source  of 
per tui‘bat ions  for  the  precise  channel.  Ball-and-screw  ^^ears  together 
with  piezoelectric  transducers  or  electromechanical  transducers  are  used 
as  the  coordinate  summation  assemblies  of  the  electric  drive  system. 

A  different  principle  of  organizing  phase  systems  is  used  when 
two-channel  connection  of  electric  drives  is  carried  out  with  given 
initial  rotational  frequency — the  carrier  frequency  •  (Footnote) 

(USSR  inventor ^s  certificate  635,587,  USSR  inventor's  certificate 
1,035,762)  Both  channels  of  this  system  are  precision.  Selection  of 
frequency  a'o  is  determined  by  the  characteristics  of  the  information 
channels  and  drives  and  guarantees  minimal  dynamic  errors  in  control  of 
the  output  coordinate.  Variations  of  it-’o  essentially  correspond  to 
variation  of  the  noise  spectra  of  the  information  system  and  ol'  load 
perturbations  in  the  master  channel.  The  values  of  are  determined 
upon  dynamic  design  of  the  control  system  together  with  othei-  parameters 
that  guarantee  that  given  accuracy  will  be  reached. 


Figure  5.3.  Functional  Diagram  of  Two-Channel 
Electric  Drive  for  Angular  Displacements 
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T\vO-channel  control  of  precision  angular  and  linear  motions  of  actuating 
devices.  4  two-channel  electric  drive  for  angular  precision  motions  is 
made  by  using  DC  or  AC  motors.  This  is  of  no  principal  signif icance  for 
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dexelopnent  of  an  object  motion  control  system.  The  difference  is  only 
in  the  structure  f>f  the  electromagnetic  circuits  of  the  separate  control 
systems.  The  struct.iare  of  the  mechanical  part  is  made  so  that  the  rotor 
of  one  engine,  the  stator  of  vvhich,  making  free  motions  in  additional 
supports,  is  connected  to  the  mechanism,  is  rigidly  connected  to  the 
rotor  of  the  other  engine,  the  stator  of  which  is  connected  to  the  base 
(Figure  5.3).  The  electric  motors  are  controlled  so  that  one  of  them 
ofaerates  in  the  motor  mode  while  the  other  operates  in  the  braking  mode 
(in  the  recuperative  braking  mode).  Tlie  mathematical  description  of  the 
operating  modes  of  electric  motors  is  established  directly  from  the 
equation  of  the  balance  of  pow-er.  The  system  of  equations  of  dynamics 
is  written  in  the  following  form  for  this  tW'O-motor  electric  drive  as  a 
control  object: 


Here  we  have  for  electric  motors  Ml  and  M2,  respectively:  in  and  iio 
are  currents  that  determine  the  electromagnetic  moments,  M^j  and  M^2 

moments  of  resistance,  ei  and  62  are  electromotive  forces  of  control 


transducers ,  L , 


and  L^2  inductances,  Rj  and  Ro  are  the  active 


resistance,  c^^j  and  c^2  ^  electric  motors,  y„,,  J„.,,  J^.,.  y„are 

moments  of  inertia  of  the  armatures,  free  stator,  and  mechanism,  and 


Jjjj  "h  jni 


aj^^l  *^CT  I  M  — ""  • 
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The  positive  feature  of  the  considered  system  is  that  the  mechanism  can 
move  smoothly  even  at  superlow  speeds  ^9  due  to  the  fact  that  the  inner 
races  of  the  bearinj^’  seats  will  rotate  at  given  frequency  (t’o  ,  at  which 
the  nonlinearities  of  dry  friction  inherent  to  lox'^-speed  mechanical 
systems  will  be  manifested  in  the  seats.  The  complexity  in  measuring 
the  low  speeds  of  precision  motions  of  the  mechanism  is  overcome  by 
measuring  the  individual  current  values  of  angular  displacements  ^’1  and 
the  sum  of  displacements  +  ^2*  This  is  achieved  by  using  a 
combination  angle-data  transmitter,  which  permits  one  to  check  the  low 
rotational  frequencies  (if 2  (up  to  zero  values).  (Footnote)  (USSR 
inventor’s  certificate  635,587) 

Development  of  a  two-channel  control  system  is  based  on  the  use  of 
separate  phase  control  systems  with  variable  structure.  Cross-couplings 
through  the  correction  modules  BKl  and  BK2  of  the  control  system, 
determined  by  the  developed  princijde  of  its  organization,  appear  in 
addition  to  the  natural  cross  feedback  of  the  electric  dri\'e  system 
(Figure  5.3).  A  two-chai'inel  electric  drive  with  mechanism  Mx  can  be 
controlled  on  the  principle  of  subordinate  control.  Using  high-speed 
current  regulation  circuits  in  and  i\2  with  pulse  width  converters  at 
frequency  of  10-15  kHz,  one  can  consider  that  the  closed  current  control 
circuits  are  inertialless  and  one  can  take  them  into  account  in  the  form 
of  coefficients  k\  and  ka  of  current  transducers  Pin  and  Pro* 

The  phase  systems  contain  angle-data  transmitters  DUl  and  DU2,  phase 
discriminators  FDl  and  FD2,  position  regulators  RPl  and  RP2,  frequency 
discriminators  QiDl  and  ChD2,  nonlinear  logic  modules  NLBl  and  NLB2, 
code- frequency  converters  HtChl  and  PKCh2,  and  analog  keys  AKl  and  AK2, 
vdiich  switch  the  control  channel  structures  from  frequency 
discriminators  to  phase  discriminators.  The  source  of  the  reference 
frequency  is  a  reference  frequency  generator  GECh.  The  master  signal 
for  the  control  system  is  delivered  in  the  form  of  a  code  N 

P2 

Let  us  consider  the  possibility  of  controlling  a  two-motor  electric 
drive  without  resorting  to  cross  correcting  couplings  with  PID  position 
regulators  in  separate  systems,  which  corresponds  to  control  of  the 
vector  of  state  for  an  expanded  object  provided  there  is  quasi-autonomy 
of  separate  systems. 

Having  written  the  equations  of  a  closed  system  in  the  form: 


X  =  Ax  +  By  +  Df,  y  =  Cx 


and  going  to  the  equation  with  transfer  matrices,  we  find  the  equation 
with  respect  to  the  output,  master  and  perturbing  coordinates 
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(5.27) 


where  (F,,,  (p),  M^<rj  ip)  transfer  fui^ctions  of  closed  separate  systems, 

considered  as  autonomous,  W|  (p)  and  W';(p)  are  transfer  functions  of 
parts  of  open  separate  systems  from  the  input  to  the  point  of 

application  of  the  perturbations,  and  W  (p)  ~  (/?)  (p)  IFf'  {p) 

Let  us  find  the  following  relations  for  the  first  and  second  transfer 
matrices,  respectively,  of  equation  (5.27)  to  determine  the  conditions 
of  diagonal  dominance  of  the  transfer  matrices  of  the  control  system: 


I ')  11  (/w)  I  z\  I  y iF^3  (/^) 

I  ))  12  (/W)  I  J^2  I  ''  ((.  (/w)  I 

I  «'22  (/O)  I  _  I 

I  >‘^21  (/CO)  I  I  (/o.)  I  ’ 

I  'yil  (/CO)  I  r  F'a  (/CO)  Wi  (/(O)  ,  , 

ir;,(/<0)|  ■“[  ^ 


I  ^22  (/CO)  I 
I  It.:,  (/CO)  I 


(/CO) 

W''',, ,  (/CO)  W.2  (/CO) 


fl¬ 


it  follows  from  analysis  of  the  first  two  relations  that:  1)  the 
independence  of  coordinate  on  ^2  is  possible  provided  that  Jy 

or  >  u?. 


.'1  ^  ‘^52 

“qI  "^2*  first  inequality  in  precision  systems  is  realized 

by  an  artificial  increase  of  Jy. ,  while  the  second  results  in  the  need 

to  coarsen  the  second  separate  system,  which  contradicts  the  purposes  of 
precision  control  of  the  mechanism;  2)  the  independence  of  coordinate  ^9 
on  if\  may  not  be  realized  by  the  parametric  method  due  to  the  adopted 
method  of  developing  the  structure  of  the  second  separate  system. 


One  can  make  similar  conclusions  on  the  basis  of  analyzing  the  second 
two  relations.  Thus,  the  condition  of  decomposition  of  separate  systems 
may  not  be  guaranteed  purely  parametrically  in  a  closed  system. 


The  x)resence  of  correlations  results  in  an  increase  of  the  dynandc 
errors  and  of  the  vibration  in  the  system,  depende=*nt  on  the  ratio  of  the 
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total  moments  of  inertia  Jy^  and  Jy^  the  sx^eed  of  the  control 
channels . 


Figure  5*4.  Root  Hodograph  of  Two-Channel  Control  System 


The  foregoing  is  illustrated  by  a  root  hodograph  (Figure  5.4),  plotted 

for  the  roots  of  the  characteristic  polynomial  of  a  two-channel  control 

system  for  different  values  of  relative  cutoff  frequency  r  =  u‘  -/a* 

C  Cl  c  ^ 

(frequencies  and  correspond  to  separate  systems,  considered  as 


autonomous)  and  of  the  relative  coefficients  of  inertia  kj  “  Jy^/Jy^. 

The  hodograph  is  calculated  according  to  the  normalized  signal  graph  of 
the  control  system  (Figure  5.5).  The  notations  of  the  transfer 
functions  in  Figure  5.5  correspond  to  the  functional  diagram  presented 
in  Figure  5.3.  The  hodograph  reflects  the  motion  of  roots  having 
minimal  values  and  having  the  greatest  influence  on  the  d:vTiamics  of  the 
system.  The  dependence  of  the  mean  square  estimates  of  deviations  of 


coordinates 


on  coefficient  at  stepped  changes  of 


(^1  +  1^2  ^3  in  the  form  of  ratios  to  similar  errors 

in  the  second  separate  system  provided  it  is  autonomous,  corresponding 
to  this  hodograph,  is  shovsn  in  Figure  5.6,  a  and  b. 
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Fi^urB  5* 5*  NonnsilizBd.  Signal  Graph  of  Ttvo  ChaniiBl 

Control  SystBm 

ThB  ^iven  functions  permit  one  to  obtain  estimates  of  the  dynamic 
characteristics  of  a  two— channel  control  system  for  specific  values  of 
the  parameters  of  separate  systems. 


d  2  ^  6  .8  hj  0  2  ^  5  8 


Figure  5.6.  Dependence  of  Mean  Square  Estimates  of 
Deviations  of  Coordinates  of  Two-Channel  System: 
a — for  master  action;  b — for  perturbing  action 

Correcting  cross  couplings  can  be  used  to  expand  the  bandwidth  of  the 
second  separate  system  according  to  the  characteristic  features  of 
developing  the  control  system.  Having  vvritten  the  transfer  matrices  of 
a  closed  system  with  regard  to  transfer  functions 

these  couplings  and  having  assumed  that  the  elements  equal  to  zero  are 
nondiagonal,  the  form  and  values  of  determined. 

The  cross-couplings  have  single  coefficients,  i.e., 

if  the  transfer  coefficients  of  the  phase  discriminators  and  current 
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sensors  are  equal.  Technically,  these  correcting  couplings  are  formed 

by  high-frequency  filters  W,^,  (p)  =  ip/{Tp  d  1).  where  x  coci  «  co:-!.  from 

the  output  of  the  phase  discriminator  of  the  first  channel  to  the  input 
of  the  position  regulator  of  the  second  channel  and  from  the  output  of 
the  current  converter  of  the  second  channel  to  the  input  of  the  current 
converter  of  the  first  channel.  Design  of  a  such  a  two-channel  system 
I'educes  to  design  of  quasi -autonomous  separate  phase  systems. 

Enhanced  sensitivity  of  the  systems  to  variations  of  the  parameters  of 
cross  couplings  is  observed  when  using  cross  correcting  couplings  in 
correlated  control  systems,  it  is  important  to  determine  the  functions 
of  relative  sensitivities: 


“  Jil  '  ' 


(P'  9)  ^ 
d  In  Vi'hi  (p,  q)  ’ 


('q+-r„)3  /  X  ^  ^  Cq+cf,),  (P-  ?) 

'<2  ^  In  \Vh2  {P,  q) 


f3lnr,„(p.  q) 


d  In  U' 


ip,  <7) 


'  1,2 


d  In  Vi',,.,  (p,  q) 


where  are  transfer  functions  that  link 

coordinate  i?2  to  coordinates  (f?i  +  479)3  and  M  ir/  /  .  ,vr 

^ ^  ^  ‘'C2 •  (x.+T,),  ip,  q),  (p,  q) 

These  sensitivity  functions  for  v  =  1  and  =  0.1,  calculated  by  the 

C  J 

normalized  graph  of  the  system  on  a  computer  system,  are  shown  in  Figure 
0*1.  It  follows  from  analysis  of  the  functions  that  the  system  is  more 
sensitive  to  variation  of  the  cross-coupling  parameters  for  transfer 
functions  according  to  a  given  effect*  Accordingly,  measures  must  be 
adopted  to  reduce  the  sensitivity  for  precision  systems,  in  which  the 
intensity  of  measurement  noise  is  significant  compared  to  that  of  the 
perturbing  actions.  The  use  of  adaptive  control,  at  which  the 
considered  system  is  invariant  to  variation  of  the  cross-coupling 
parameters,  is  effective. 


A  two-channel  electric  drive  control  system  for  linear  displacements  can 

be  made  similar  to  a  two-channel  electric  drive  system  for  angular 

displacements  (Figure  5.8).  The  screw  and  nut  of  a  screw  gear  (\T)  of 

this  system  perform  Joint  rotation.  Linear  perturbations  of  the 

mechanism  are  determined  by  the  difference  of  the  rotational  frequencies 

of  the  electric  motors  and  by  coefficient  k  =  v/(u;|  - 

Bn  “ 
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On-, 


Figure  5.7.  Function  of  Relative 
Sensitivity  of  System 


Figure  5.8.  Functional  Diagram  of  Two-Channel  Electric 
Drive  for  Linear  Displacements 


KEY: 

1 .  Angle-data  transmitter 

2.  Screw  gear 

3.  Not  further  identified 

4 .  Reference  frequency 
generator 

5.  To  phase  discriminator 

6.  Code-frequency  converter 


7 .  Phase  discriminator 

8.  Position  regulator 

9 .  Malog  key 

1 0 .  Current  converter 

11.  Frequency  discriminator 

12.  Nonlinear  logic  module 

13.  From  reference  frequency 
generator 


An  electric  drive  control  system  is  made  in  the  form  of  two  separate 
phase  systems,  containing  internal  current  control  circuits  (current 
converters).  Without  dwelling  on  analj^is  of  the  transfer  matrices  of 
the  equations  of  dynamics  of  a  closed  system,  we  note  that  the  diagonal 
dominance  of  the  matrices  is  guaranteed  provided  that 
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£2 


1(1 


!-■  ll^(f.p.3f/w))(l.  -I-  W^f,p„(/w)))-'  4;  1. 


And  this  condition  is  guaranteed  at  ratios  J,  ^  J  ,  and  J  <  J  which 

3  Jll  $  X2 

are  almost  always  fulfilled  in  electric  driv^es  with  screw  gear  due  to 

the  large  values  of  their  transfer  coefficients  k__.  Design  of  such  a 

Bn 

two-channel  system  reduces  to  design  of  quasi-autonomous  sep>arate  phase 
systems.  Known  methods,  for  example,  presented  in  [7]  can  be  used  for 
this. 
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Chapter  6.  Automatic  Image  Stabilization  Systems 

6,1.  Design  Principles  of  Automatic  Image  Stabilization  Systems  for 
Information  on  Spatial  Displacements  of  Moving  Bases 

General  characteristic  of  displacement  control  devices  of  optical 
elements  for  image  stabilization.  Two  variants  of  controlling  the 
displacements  of  optical  system  components  in  inertial  space  are 
encountered  in  image  stabilization  problems:  stabilization  of  these 
components  or  displacement  with  respect  to  fixed  axes  according  to  a 
given  law. 


Figure  6.1.  Layout  of  Three- Axis  Gimbal  Suspension 
of  Stabilized  Platform 

The  simplest  method  of  solving  the  problem  of  stabilization  is 
attachment  of  the  entire  optical  instrument  to  a  three-axis  stabilized 
platform.  A  three-axis  suspension  of  a  platform  is  shown  in  Figure  6.1, 
vihile  the  order  of  rotation  of  the  axes  of  the  platform  with  respect  to 
a  fixed  coordinate  system  is  shown  in  Figure  6.2. 

Projections  of  the  angular  velocities  onto  the  axes  of  the  platform  can 
be  found  from  the  expressions: 


0  =  — cos  Y  —  sin  T 
y  _  _.o^.  Sin  Y  tg  0  -  V  ^6  0> 


(6.1) 
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where  fix.  fiy>  and  Qj  are  projections  of  the  angular  velocity  of  the  base 
onto  the  axes  of  fixed  coordinate  system  0^^(,  i.e.,  onto  the  axes  of 
the  platform,  and  0,  and  7  are  the  yaw,  pitch,  and  bank  angles  of  the 
beise. 


Expressions  (6.1)  degenerate  at  small  angles  of  deflection  of  the  base 


ij)  -  -Q.:  ' 

0  =  -Q,,: 

y  =  -q,. 


(6.2) 


It  is  obvious  that  the  design  of  the  suspension  is  complicated 
considerably  and  the  overall  dimensions  and  mass  of  the  device  increase 
at  significant  dimensions  of  the  optical  instrument. 


Figure  6.2.  Coordinate  System  of  Platform 

Image  stabilization  systems  based  on  spatial  orientation  of  entire 
instrument  or  of  its  individual  components.  The  arrangement  of  an 
optical  instrument  on  a  platform,  stabilized  in  inertial  space  (SP) ,  is 
the  most  radical  means  of  image  stabilization.  Stabilization  systems 
are  distinguished  from  each  other  in  this  case  by  the  design  version  of 
the  suspension,  by  the  characteristics  of  arrangement  of  the  sensors  and 
by  organization  of  the  control  channels.  Let  us  consider  the  general 
design  principles  of  these  systems,  using  as  an  example  a  control  system 
with  three-axis  gyroscopic  sensors. 

Drives  Ml,  M2,  and  M3  are  mounted  on  the  suspension  axes  to  displace  or 
stabilize  the  outer  (NK)  and  inner  (VK)  races  in  space  (Figure  6.3). 

The  control  signals  are  fed  to  the  drives  from  gyrosensors  G1  and  G2. 

The  suspension  axes  of  the  gyrosensors  are  rationally  oriented  parallel 
to  the  axes  of  the  stabilized  platform  (Figure  6.3).  The  signals  from 
the  angle-data  transmitters  of  the  gyroscope  DUGl  and  DUG3  of  gyroscope 
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G1  can  be  used  without  preliminary  conversion  as  the  master  signals  to 
the  inputs  of  control  modules  BUI  and  BU2.  Two  position  follow-up 
systems  are  formed  in  the  space  of  the  suspension  races  NK  and  VK  of  the 
stabilized  platform  wdth  angle-data  transmitters  DUl  and  DUS  in  the 
feedback . 

If  gyroscoi^e  G2  is  mounted  on  a  base,  the  signal  from  the  output  of 
angle-data  transmitter  DUG2  should  be  converted  in  the  coordinate 
converter  according  to  expressions  {6,1). 


Figure  6.3.  Layout  of  Three-Axis  Gyro-Stabilized  Platform 


KEY: 

1.  Angle-data  sensor  of 
gyroscojDe 

2 .  Control  module 

3 .  Outer  race 

4 .  Gyroscope 


5.  Inertial  space-stabilized 
platform 

6 .  Drive 

7 .  Inner  race 

8 .  Coordinate  converter 


The  signal  from  the  output  of  the  coordinate  converter  is  used  as  a 
master  to  the  control  system  of  the  third  axis  of  the  platform,  formed 
by  control  module  BUS,  angle-data  transmitter  DU2,  and  by  motor  M2.  The 
output  signals  of  the  gyrosystems  moiinted  on  the  moving  base  for  other 
purposes  (for  example,  for  control  or  orientation  of  the  base),  can  be 
used  instead  of  specially  mounted  gyro  units.  This  circumstance 
simplifies  considerably  the  device  as  a  whole. 

Obvious  disadvantages  of  these  stabilized  platforms  are  the  large 
overall  dimensions  and  mass  of  the  device.  Moreover,  it  is  difficult  to 
provide  sufficiently  high  stiffness  of  the  structural  elements  of  the 
suspension  (especially  with  large  dimensions  of  the  optical  instrument), 
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Tvhich  reduces  the  accuracy  capabilities  of  the  drives*  The  dynamic 
range  of  the  permissible  input  signals  of  the  gyro  units  should  exceed 
that  of  the  possible  variations  of  the  displacement  parameters  of  the 
base  in  the  case  under  consideration*  Under  these  conditions,  the 
accuracy  of  the  gyro  units  and  of  the  device  is  comparatively  low. 
Mounting  the  gyro  units  directly  on  the  stabilized  platform  permits  one 
to  eliminate  this  deficiency.  The  range  of  the  deflection  angle  of  the 
sensitive  element  of  the  gyro  units  in  this  design  may  not  exceed 
several  degrees.  Most  classical  gyro  stabilizers  (power  and  indicating) 
are  designed  in  this  manner.  An  extensive  special  literature,  for 
example,  [10,  63],  is  devoted  to  analysis  and  design  of  these 
instruments*  Some  characteristic  features  of  using  gyro  stabilizers  in 
image  stabilization  systems  will  te  considered  below. 

The  mass  and  size  characteristics  of  an  optical  instrument  with 
stabilized  image  field  can  be  improved  considerably,  if  one  or  several 
image  shift  compensators  are  used.  These  compensators  can  be  designed 
on  the  basis  of  a  one-axis  gyro  stabilizer.  The  sensitive  element  can 
be  mounted  on  a  moving  element  of  the  compensator,  if  this  element  is 
stabilized  in  space. 


Figure  6.4.  Layout  of  One-.Axis  Gyro-Stabilized  Platform 


KEY: 


1. 

Compensator  assembly 

4. 

Relief  motor 

2. 

Motor 

5. 

Angle-data  transmitter  of 

3. 

Angle-data  transmitterilized 

6. 

gyroscope 

Control  module 

The  moving  element  of  the  compensator  should  sometimes  be  displaced  in 
space  according  to  a  specific  law  (for  example,  for  reflecting 
compensators).  This  displacement  can  be  easily  realized  in  the  design 
shown  in  Figure  6.4.  The  stabilized  element  is  the  stator  of  angle-data 
transmitter  DUl  on  the  axis  of  the  moving  element  of  the  compensator. 

The  comparative  smallness  of  the  moment  of  inertia  of  the  stabilized 
assembly  permits  one  to  achieve  high  stabilization  accuracies  in  the 
circuit,  formed  by  the  gyroscopic  angle-data  transmitter  DUGl,  control 
module  BUI  and  relief  motor  MG.  The  motion  of  the  moving  assembly  of 
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the  compensator  assembly  UK  in  inertial  space  will  be  fully  determined 
by  being  given  signal  to  the  control  circuit,  which  includes  DUl , 

control  module  BU2 ,  and  electric  motor  Ml . 

Let  us  consider  v^ersions  of  realizing  this  system.  A  functional  diagram 
of  the  stabilization  system  for  one  axis  is  presented  in  Figure  6.5. 
Electric  motors  Ml  and  M2  set  into  rotation  the  rotors  of  pulsed  angular 
misalignment  photosensors  IDl  and  ID2.  The  stators  of  IDl  are  attached 
to  the  base  and  to  the  gyro-stabilized  platform  (GSP).  The  stators  of 
ID2  are  attached  to  the  GSP  and  to  the  stabilized  element  (SE).  The 
gyro-stabilized  platform  has  power  drive  along  the  stabilization  axis 
from  electric  motor  M3,  while  the  stabilized  element  has  power  drive 
from  electric  motor  M4.  The  power  drive  of  the  GSP  is  controlled  from 
gyroscope  GP  through  control  module  BU3. 


Figure  6.5.  Functional  Diagram  of  Position  Control 
System  of  Element  to  be  Stabilized 


KE\^: 


1. 

Control  module 

5. 

Gyro-stabilized  platform 

2. 

Frequency  divider 

6. 

Element  to  be  stabilized 

3. 

4. 

Electric  motor 

Pulsed  photosensor 

7. 

Gyroscope 

The  reference  frequency  f  in  modules  BUI  and  BU2  is  compared  to  signal 

V 

frequencies  f i i  and  f 2 i  from  the  stators  of  sensors  IDl  and  ID2  and 
signals  are  generated  to  control  electric  motors  Ml  and  M2.  Electric 
motor  M4  is  controlled  from  module  BU4  from  the  results  of  comparing  the 
signal  frequencies  fi2  and  f22»  Frequency  dividers  D1  and  D2  are  also 
included  in  the  drive  structure. 

Let  us  denote  the  absolute  angular  velocities  of  the  rotors  of  IDl  and 
ID2  by  fti  and  Q2 .  respectively.  The  signals  of  the  sensors  will  then 
have  the  frequencies: 
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fn  =  fn  -  K  (^^1  1- 

/21  ~  fz2  ~  ("*2  "I" 


where  ki  and  k2  are  the  transfer  coefficients  of  the  pulse  sensors,  0^ 

is  the  absolute  angular  velocity  of  the  base,  and  Q  is  the  absolute 

C  •  9 

angular  velocity  of  the  element  to  be  stabilized. 

It  follows  from  these  relations: 


hi. 

ki 

_  fn 


fic.3  = 

Q 


^^2  —  ~  fnYi 


ki  -^1  - 


(6.3) 


Let  it  be  required  to  maintain  a  specific  ratio  between  velocities 


(6.4) 


where  a  is  a  constant  value. 

One  can  write  from  expressions  (6.3)  and  (6.4): 

f'Vi  —  fzL  ~  ^  if  12  —  fll)» 

Let  us  denote  =  akjk^  then 

Vl2  ~  fii  =  kjii  — 

According  to  the  functional  diagram  (Figure  6.5)  with  operating 
frequency  stabilization  circuits  fn  and  f2i >  one  can  wTite 

f'Zl  ^ 

where  f^  is  the  reference  frequency  and  is  the  transfer  coefficient 
of  frequency  divider  Dl. 
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The  electric  motor  M4  should  be  controlled  so  as  to  maintain  the  ratio 
f22  =  To  do  this,  the  transfer  coefficient  of  frequency  divider 

D2  should  also  be  made  equal  to  k_.  The  control  system,  designed 

/I 

according  to  Figure  6.5,  permits  one  to  establish  any  ratio  between  the 
speeds  of  the  gyro-stabilized  platform  and  the  element  to  be  stabilized, 

i.e.,  to  formulate  a  -  ==  by  the  appropriate  selection  of 


The  condition  Q  =0  should  be  provided  to  stabilize  the  SE  in  space. 

C  .9 

If  the  gyro-stabilized  platform  keeps  its  position  in  space  unchanged, 
the  closed  circuit  through  BUI  becomes  unnecessary.  One  should 
guarantee  fsa  =  fai  according  to  expression  (6.3),  which  (-an  be  realized 
by  feeding  these  signals  to  the  inputs  of  BU4. 

It  is  obvious  that  this  device  can  also  be  used  to  realize  displacements 
of  the  element  to  be  stabilized  in  space  according  to  a  given  program. 

If  the  rate  of  this  displacement  should  be  kept  constant,  it  is 
sufficient  to  select  the  (.-orresponding  value  of  addition  to  a  signal 
with  frequency  f22*  Maintaining  a  specific  ratio  of  velocities  0^  and 

ft  ,  one  can  achieve  values  ki,  k2  and  k„  by  the  appropriate  selection. 

The  input  signal  of  the  gyroscope  (if  there  is  a  torque  sensor  along  the 
precession  axis)  can  also  be  used  as  a  channel  for  controlling  the 
position  of  the  element  to  be  stabilized.  A  disadvantage  of  the  device, 
a  functional  diagram  of  which  is  shown  in  Figure  6.5,  is  the  requiremenl. 
of  coaxial  arrangement  of  all  the  drives,  which  increases  the  dimensions 
and  ccmiplicates  the  design.  The  drive  of  the  gyro-stabilized  platform 
and  the  drive  of  the  element  to  be  stabilized  are  structurally  divided 
into  two  identical  assemblies,  which  can  be  placed  Independently  of  each 
other  providexi  that  the  parallelism  of  the  rotat.ional  axes  is 
maintained,  in  a  device  whose  functional  diagram)  is  shown  in  Figure  6.6. 
The  notations  in  Figure  6.6  are  the  same  as  in  Figure  6.5. 

The  following  relations  are  valid  for  this  system: 


fl2  =  (^^1  h  ki',  hi  =  (^2  + 

fll  =  ^-1^1’  AiS  ==  (^2 


Hence,  one  can  wite: 


c)  —  c)  _  ^22  I  o  • 


^->0  = 


f  12 


Q,  = 


/i; +  /i 
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Figure  6.6.  Functional  Diagram  of  Variant  of 
Design  Version  of  Position  Control  System  of 
Element  To  Be  Stabilized 


KEY: 


1 .  Control  module 

4. 

Frequency  divider 

2.  Electric  motor 

5. 

Gyro-stabilized  platform 

3 .  Gyroscope 

6. 

Element  to  be  stabilized 

If  the  ratio  0^  .  =  all.  must 
C  .9  0 

be  maintained; 

,  we  find  from  the  last 

expressions 

Hence , 

/ 12  ~T~  (^  ~  1)4"  In  ~  fu  (<'  “  1)  4'  fil- 

I'l  'u 


Thus,  the  transfer  coefficients  of  frequency  dividers  D1  eind  D2  (see 
Figure  6.5)  should  be 


(6.5) 


The  drives  should  guarantee  the  ratio: 


fn - \ 

fii  —  J 


(6.6) 
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The  minus  sign  denotes  that  the  rotors  of  sensors  IDl  and  ID2  should 
rotate  in  opposite  directions. 

One  should  find  fl  =  0  to  stabilize  the  SE  in  space,  which  is  possible 
C  •  9 

at  a  =  0. 

Having  used  expression  (6.5),  we  find  =  -k2/ki  at  a  =  0. 

The  most  frequently  encountered  problem  of  image  stabilization  using 
moving  reflecting  elements  is  that  of  guaranteeing  the  relation  a  =  0.5. 


Figure  6.7.  Layout  of  One-Axis  Indicating 
Gyro  Stabilizer 

KEY: 

1.  Sensitive  element  3.  Reduction  gear 

2.  Control  module  4.  Electric  motor 

It  is  obvious  that  k^  =  -0.5  at  ki  =  k2 •  The  (irives  should  provide  the 
following  relations  according  to  expressions  {6.6): 


fii  —  6,5/]2;  (22  — 


This  condition  is  easy  to  realize  in  practice. 

Gyro  stabilizers  in  image  stabilization  systems.  One  of  t)ie  main 
components  of  an  image  stabilization  system  is  the  gyro  stabilizer  (GS), 
on  vdiich  the  optical  circuit  of  the  instrument  or  the  enl  ire  ()|)t  ical 
instrument  is  mounted.  The  instnmient  should  be  mounted  on  a  three-axis 
gyro  stabilizer  for  total  stabilization  of  the  image,  but  a  two-axis 
gyro  stabilizer  or  a  one-axis  gyro  stabilizer  is  used  in  most  cases. 
Moreover,  a  multiaxial  gyro  stabilizer  can  te  formally  represented  as  a 
set  of  one-axis  gyro  stabilizers,  mounted  on  different  axes,  at  small 
stabilization  errors.  Most  attention  is  devoted  in  1101  to  a  one-axis 
gyro  stabilizer,  and  the  derived  expressions  are  then  applicable  to  more 
complicated  cases  with  regard  to  their  characteristic  features. 

Diagrams  of  a  one-axis  power-ty^pe  indicating  gy'ro  stabilizer  are 
jjresented  in  Figures  6.7  and  6.8. 
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Figure  6.8.  Diagram  of  One-Axis  Power-Type 
Gyro  Stabilizer 


KE\^: 


1. 

Angle-data  transmitter 

4. 

Reduction  gear 

2. 

Control  module 

.5. 

Electric  motor 

3. 

Gyro  motor 

The  difference  between  these  two  layouts  of  the  gyro  stabilizer  is  that 
the  gyroscope  not  only  performs  the  roie  of  sensitive  element  (ChE)  of 
misalignment  of  the  platform  to  be  stabilized,  but  also  prevents  this 
misalignment  due  to  a  significant  gyroscopic  moment  in  the  case  of  a 
power  gyro  stabilizer.  A  drive  containing  an  electric  motor  M  and 
reduction  gear  R,  mounted  on  the  stabilization  axis,  is  used  to  reduce 
the  effects  of  the  perturbing  moments  on  the  gyroscope  and  plays  an 
auxiliary  role. 

The  gyroscopic  moment  in  indicating  gyro  stabilizers  is  either 
altogether  absent  or  has  a  negligible  value  as  a  function  of  the  type  of 
sensitive  element  to  te  used.  Let  us  consider  tiie  equations  of  a 
one-axis  power  gyro  stabilizer  with  gjTO  motoi'  (GM) ,  presented  in  [10]: 


•^x'Pn  'I*  4"  4“  P*  4"  (  [)'  I  h  | 

Jjji  ^rTu  ~  4f|,,  I 


,^ere  is  the  moment  of  inertia  of  the  moving  parts, 

reduced  to  the  stabilization  axis,  is  the  moment  of  inertia  of  the 

armature  of  the  relief  electric  motor,  is  the  moment  of  inertia  of 

the  platform  to  be  stabilized,  n  is  the  gear  ratio  of  the  reducer,  i  is 
the  number  of  axes  in  the  r-educer,  including  the  axes  of  the  platform 
and  motor,  is  the  moment  of  inertia  of  the  gyroscope  about  the  axis 

of  the  inner  gimbal  ,  is  the  angle  of  rotation  of  the  platform  about 

the  stabilization  axis,  is  the  angle  of  rotation  of  the  base  about 

the  stabilization  axis,  4  is  the  angle  of  rotation  of  the  gyroscojie 
about  the  precession  axis,  H^,  is  the  moment  of  momentum  cjf  the 

gyroscope,  —  b„n^  +  b^  is  the  equivalent  viscous  friction 
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coefficient,  bi  is  the  coefficient  of  frictional  forces  aloriM  the 
stabilization  axis,  b^  is  the  viscous  friction  coefficient  on  the  axis 


of  the  electric  motor  armature,  M 


is  the  moment  of  the  electric  motor, 


and  is  the  correcting  moment  applied  to  the  precession  axis  of  the 


gyroscope • 


Figure  6,9.  Block  Diagram  of  One-Axis  Gyro  Stabilizer 


Let  a  DC  electric  motor,  controlled  in  a  system  with  subc;)rdinate 
feedback  with  respect  to  armature  current,  be  used  as  the  electric' 
motor.  The  current  regulation  circuit  includes:  a  current  regulator 
with  transfer  function  ^(p)i  power  amplifier  with  transfer  function 

W  (p),  current  sensor  of  the  armature  with  gear  ratio  k  ,  and 

y  *  M  A  •  • 

transfer  function  of  armature  circuit  W  ..(p)  •  A  master  signal  is  fed 

^  •  LI 

from  the  regulator  with  transfer  function  Wp(p)  to  the  input  of  the 

current  circuit  (Figure  6.9).  The  block  diagram  of  a  one-axis 
stabilizer  can  thus  be  shown,  according  to  expressions  (6.7),  in  the 
form  presented  in  Figure  6.9.  The  following  notations  are  introducenl  in 
this  figure:  k  is  the  gear  ratio  of  the  r'otational  angle-data 

transmitter  I)  of  the  gyroscope,  is  the  ctonstant  of  the  electric 

motor,  and  bo  is  the  viscous  fric:ition  coefficient  on  the  precession 
axis. 


If  the  speed  of  the  current  circuit  is  sufficiently  high,  there  is  no 
relationship  with  resr>ect  to  the  counter-emf  of  the  elec'tt'ic  motor  and 
the  block  diagram  can  be  converted  to  the  form  shown  i.n  Figure  6.10. 

The  following  is  denoted  in  Figure  6.10:  W^(p)  =  -f  I)  the 

transfer  function  fo  the  gyroscox^e  with  resx)ect  to  the  measuring 
channel,  where  k^,  =  H^/b2  is  the  transfer-  coefficient  of  the  gyroscope. 
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Tp  =  Jp/b2  is  the  time  constant  of  the  gyroscope,  Wi(p)  = 

X-^  ITp  (p)  {p)^kiWj,  ip)/p,  ^''■bere  k^  =  k„.jncjk^.r\  (K.t(p)==  H"^  (pV/e^.T  [1  -f 

+  W^(p)]  is  the  transfer  function  of  a  closed  current  circuit,  and 
WAP)~-^  l^ji.TWp.r{p)  Wy,,Ap)  W„.^(p)  is  the  transfer  function  of  an  open 
current  circuit,  and  p)  _  In  +{r)-‘]  is  the  transfer  function 

of  running-in. 


Figure  6.10.  Transformed  Block  DiagrEim  of 
One-Axis  Gyro  Stabilizer 

One  can  write  for  a  circuit  which  includes  transfer  functions  (P)  + 

and  1/Jj>p: 


01  (p)  = 


_ I _ 

Vl‘  +(^,  "''r  0)  +  *,d/V) 


TrP  -I-  1 _ 

(7'2p2  2|7  p+  I) 


where 


JAr 


E  =• 


JA  +  JA 


{Hi  +  b^b.^)  ’  '  2  ]/  J.y,,  —  {Hi  +  6,&2)  * 

Accordingly,  we  have  at  bib2  € 


,  .  .  TrP+J _ _ 

ip)  -  +  ir  ’ 


where  ^  . 


Ji 


2  r  .  E _ L_  1  / 

2  ’  “  2fer  [/  Jv 
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The  derived  transfer  function  determines  the  operation  of  the  gyroscox)e 

without  a  relief  drive.  It  is  obvious  that  if  H-W  (p)  JvP»  then 

1  1  ^ 


^hip) 


_ 1 _ 

*:.l  +  ') 


Thus,  if  the  reduced  moment  of  inertia  of  the  platform  satisfies  the 
expression  <  bib2,  one  can  disregard  the  stabilizing  influence  of 

the  gyroscopic  moment  of  the  gyroscope  in  the  low-frequency  range.  The 
gyroscope  plays  the  role  of  only  the  sensitive  element,  which  measures 
the  angular  deviations  of  the  stabilized  platform  in  space,  which 
corresponds  to  indicating  stabilization. 

Let  us  now  consider  the  operation  of  a  circuit  formed  by  the  relief 
motor  (Figure  6.10),  i.e.,  the  influence  of  trstfisfer  function 
Wi(p)Wj,(p).  The  transfer  function  of  an  open  circuit  can  te  written  in 

the  form 


W*{p)  =  0^ip)W,  (p)  W,{p)  = 


_ _  p  (p) 

r>'  (6|  +  //p/6,,)  {T-p-  -f-  I)  ■ 


We  find  at  b)b2  € 


W’(p)^ 


f(*K-p(p) 

p  (T-^p^  +  2irp  +  I)  ’ 


where  ^ 

The  cut-off  frequency  (i'  ^  must  be  selected  from  the  condition  ^  < 

~  to  eliminate  the  autooscillations  of  the  gyro  stabilizer. 

This  condition  imposes  constraints  on  the  possible  speed  of  the  gyro 
stabilizer  and,  accordingly,  on  its  accuracy  capabilities.  The  transfer 
function  of  a  closed  relief  circuit  can  be  r*epresented  In  the  form 

02  (p)  -  01  (p)  0v  (p),  where  0s  (p)  -  1/(1  -f  IF*  (p)). 


Hence,  we  have 


W  (p)  =  (f>n  (/;)/(Po  (p)  =  Id'^of)  ip)  1-  ip)- 
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One  must  guarantee  the  condition:  (1/7')  >  >  (l/T^)  ^  power  gyro 

stabilizer  and  (1/7')  <  (l/Tp)  <  rOf.p  for  an  indicating  gyro  stabilizer. 


It  follows  from  the  transfer  functions  that  a  gyro  stabilizer  of  any 
type  effectively  suppresses  low  frequencies.  Moreover,  the  filtering 
properties  of  the  gyro  stabilizer  do  not  vary  for  both  a  pouer  and 
indicating  gyro  stabilizer  at  frequencies  that  exceed  1/T  at 
proportional  regulator.  /\n  increase  of  the  astatism  of  the  relief 
circuit  of  an  indicating  gyro  stabilizer  permits  one  to  improve  its 


filtering  properties  at  low  frequencies  to  frequency 


cp 


At  high 


frequencies,  >  1/T  and  >  u/  and  one  can  write  ^  (p)  for  the 

Cp 


transfer  function  accroding  to  the  angular  motion  speed  of  the  base; 
therefore, 


11'/  (/))  W„^,  (/>)  0,  (/j) 


Figure  6.11.  Kinematic  Layout  of  .AFA 


KEi^: 

1.  G^-ro  tachometer  3.  Angle-data  transmitter 

2 .  Photodetector 


If  a  reducerless  drive  is  mounted  along  the  stabilization  axis,  then 
W^rAP)  ^  W  (P)  ^  lh/Jj:P  frequencies. 


Thus,  the  capability  of  the  gyro  stabilizer  to  filter  high  frequencies 

is  independent  of  its  type  and  is  determined  only  by  the  design  of  the 

relief  drive  with  respect  to  the  stabilization  axis.  important 

factor  for  image  stabilization  is  the  filtering  capability  of  the  g^To 

stabilizer  at  frequencies  that  exceed  a*  =  Zrr/r  ;  therefore,  one  should 

3  3 


provide  T  > 


r  for  the  power  version  of  a  gyro  stabilizer  and  *■  > 


for  the  indicating  version  of  the  gyro  stabilizer.  In  this  case,  a 
reduceriess  relief  drive  is  preferable,  since  it  permits  one  to  avoid 
the  effect  of  vibrations. 
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Example  of  design  of  image  stabilization  system.  Different  versions  of 
using  mirror  reflectors  to  design  image  stabilization  systems  were 
considered  in  Chapter  3.  Let  us  consider  the  design  of  the  image 
stabilization  system  of  an  AFA,  based  on  the  diagram  presented  in  Figure 


3,8. 


The  formulas  that  describe  the  displacements  of  the  image  in  this  ‘\FA 
can  be  found  from  exj)ressions  (1.70).  The  photodetector  is  displaced  in 
space  at  angular  rate  The  projections  of  this  rate  onto  the  axes  of 

the  instrument  are  equal  to:  ^  a, 

Rotation  of  the  mirror  by  angle  f\\  (see  Figure  3.8)  results  in 
corresponding  variation  of  the  angle  of  incidence  of  the  ray  on  the 
mirror.  If  displacement  of  only  the  central  ray  is  analyzed,  one  can 
assume  that  Q(\  =  0  in  equations  (1.70).  Variation  of  the  distance  to 

the  object  of  photography  can  be  taken  into  account  due  to  the 
corresponding  correction  of  the  parameters  of  vector 

We  find  for  projections  of  the  angular  rate  of  displacement  of  the 
image: 


2o£2  “f-  -f-  Ctj  )  Sill  2oC2| 

“  2d2  0)^1^; 

sill  2a2  -f  (o),„  - f-  2ui)  cos^  ag* 


One  can  find  from  these  expressions  the  algorithm  for  compensation  of 

image  displacement  from  the  condition  —  ci)6„  —  -  0.  Gyroscopes 

(usually  gyro  tachometers)  can  be  used  as  the  data  sensor  on 
displacements  of  elements  of  the  optical  system  of  the  AFA  for  technical 
realization  of  this  algorithm.  One  of  them  GTl  (Figure  6.11)  should  be 
mounted  on  the  outer  gimbal  of  a  mirror  and  the  axis  of  sensitivity  of 
the  gyroscope  should  be  parallel  to  the  rotational  axis  of  this  gimbal. 
The  second  g^Ti'oscope  GT2  is  mounted  through  a  reducer  with  transfer 
coefficient  2  such  that  the  axis  of  sensitivity  of  this  gyroscope  is 
parallel  to  the  rotational  axis  of  the  mirror  in  the  gimbal  by  angle  ^  • 
The  third  gyroscope  GT3  is  attached  to  the  gimbal  so  that  the  axis  of 
sensitivity  is  perpendicular  to  those  of  gyroscopes  GTl  and  GT2. 

There  will  be  the  following  signals  at  the  outputs  of  the  gyroscopes: 


0)j,|  —  Wjn  f-  (ii\ 
(0i2  ~  2(X2 

(0p3  = 
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One  can  subsequently  assume  that  the  instrument  axes  related 

to  the  outer  gimbal  of  the  mirror  and  are  rotated  by  angle  afi  together 
with  it.  The  motion  of  the  mirror  by  angle  oi^  is  used  for  image 
stabilization  during  a  comparatively  short  time  interval,  equal  to  the 
exposure  time  of  the  film.  Thus,  angle  flf2  hardly  differs  from  the 

nominal  value.  We  assume  that  oto  -  )  Aao.  where  €  45**  . 

One  can  write  the  approximate  equalities 


siii2a2  1  2Aa2;  cos2a2  --  2Aao; 

siri^  ao  (1/2)  —  Aa.^;  cos’^  a.^  ^  (1/2)  Aa.,. 

Using  these  equalities,  one  can  find  the  following  relations  for  the 
angular  displacements  of  the  output  central  ray  with  respect  to  the 
photodetector : 


~  (^^zn  “1“  ^l)  ’1“  2A0C2  AcZj  (('>zn  ^l)U 

(Ofiy  =  (0,/n  -j-  262; 

~  4“  ^1)  “1^  2A0C2  (Wi  AoC2m;ifn  ^’^zn)* 


Having  substituted  the  expressions  for  the  gyroscope  signals  into  these 
equations,  we  find 


m,  1  (1  —  2Aa2)  -f-  2Aa20)r3; 

~  mp2! 

(Ofl^  =-  CO, -3  (1  —  2Aa3)  —  2Aa2(Ori. 


The  image  will  thus  be  stabilized  provided  that: 


cor  i  (1  —  2Aa2)  (■  2Acx;co,.,  =  0; 

(''ro  ■■  0: 

(Or3  (l  -  2Aan)  —  2Aa2C')ri  =  0. 


A  simplified  algorithm  can  be  found  at  Aff2  =  0  in  the  following  form: 


0),.,  —  0;  (0r2  =  0;  0)^,,  =  0. 


224 


! 


Figure  6.12.  Functional  Diagram  of  Image  Stabilization 
System  of  AFA  (Version  I) 


KEi": 


1. 

Electric  motor 

5. 

Control  module 

2. 

Photodetector 

6. 

Multiplier 

3. 

4. 

Angle-data  transmitter 
Gyroscope 

7. 

Nonlinear  converter 

To  ccMiipensate  for  displacement  due  to  flight  speed  the  vector  of 
\diich  can  be  directed  along  axis  07.^,  angular  displacement  should  be 
accomplished  along  the  mirror  axis  at  angular  rate 


“z  =  —  /'  (vjHo)  cos  ai  cos 


This  condition  can  be  realized  if  the  drive  control  system  according  to 
the  indicated  rotational  axis  maintains  the  following  ratio  at  the 
moment  of  exposure 


c-vj  -  —  2/'  cos  ai  cos  Aaj. 


A  more  accurate  image  stabilization  algorithm  can  be  realized  if  an 
angle-data  transmitter  DU  is  attached  to  the  axis  on  idiich  the  gyroscope 
GT2  is  mounted  (Figure  6.11).  We  find  a  signal  corresponding  to  angle 
u  =  2Afl'2  at  the  output  of  this  transmitter. 


225 


The  stabilization  algorithm  thus  assumes  the  form: 


(Ijpi  \~  0, 

o),.2  —  2/'  (y,,//!,,)  cos  a,  cos 

®r3  ~ 

The  functional  diagram  of  the  image  stabilization  system,  which  realizes 
this  algorithm,  is  presented  in  Figure  6.12.  Electric  motors  Ml,  M2, 
and  M3  are  controlled  from  the  corresponding  control  modules  BUI,  BU2 
and  BU3.  Signals  are  fed  from  gyroscopes  GTl ,  GT2,  and  GTS  to  the 
inputs  of  the  control  modules.  Moreover,  a  signal  is  fed  from  the 
nonlinear  converter  (NP)  to  the  input  of  module  BT2.  The  nonlinear 
converter  calculates  the  master  signal  to  the  control  module  BU2  v^  = 

“  2/'  (y„///o)  cos  «]  X  cos  Aff2  according  to  information  about  the  value  of 

Vjj/H^  and  eiccording  to  the  value  of  tti  and  Aa’2 ,  measured  by  angle-data 

transmitters  DUl  and  DU2 .  Multipliers  MUl  and  MU2  are  used  to  form  the 
control  signals  of  module  BUI  and  BUS . 


Figure  6.13.  Functional  Diagram  of  Image 
Stabilization  System  of  AFA  (Version  II) 


1. 

Adder 

5. 

Photodetector 

2. 

Gyro  tachometer 

6. 

Electric  motor 

3. 

Angle-data  transmitter 

7. 

Initial  orientation 

4. 

Control  module 

photcdetector  may  not  be  mechanically 

connected  to  the  mirror  from 

simplification  and  lightening  of  the  design  of  the  AFA.  In  this  case 
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the  photodetector  should  be  a  separate  drive,  the  master  to  which  is  fed 
from  angle-data  transmitter  ai ,  mounted  on  the  outer  axis  of  the  gimbal 
suspension.  A  diagram  of  this  AFA  is  presented  in  Figure  6.13.  The 
local  drive  of  the  photodetector  is  organized  on  electric  motor  M3, 
rotational  angle-data  transmitter  DU3  and  control  module  BU3.  The 
control  signal  to  the  input  of  the  BU3  is  fed  from  rotational  angle-data 
transmitter  DUl  ai  of  the  outer  gimbal  suspension  of  the  mirror  and  from 
gyroscope  GT3  through  adder  S.  A  layout  for  organization  of  an 
information  channel,  considered  in  Figure  6.12,  can  be  used  to  eliminate 
the  mechanical  coupling  of  the  gyroscope  GT2  to  the  gimbal  suspension  of 
the  mirror  through  a  reducer.  The  dashed  curve  in  Figure  6.13  denotes 
the  additional  coupling,  which  can  be  eliminated  when  using  a  simplified 
stabilization  algorithm.  The  position  of  the  mirror  in  space  is 
determined  before  the  beginning  of  photography  and  is  corrected  by  using 
the  initial  orientation  system. 

When  using  a  focal  plane  shutter,  additional  compensation  of  ground 
speed  can  be  introduced  with  regard  to  the  current  position  of  the 
shutter.  Let  us  denote  the  ix)sition  coordinate  of  the  focal  plane  ('>n 
the  frame  by  yi .  The  condition  of  stabi lization  with  respect  to  the 
inner  axis  of  the  gimbal  suspension  of  the  mirror  is  then  vcritten  in  the 
form: 


-  2/' (iV'^o)cosaiCOS  Actjll  -f  ((////') 


This  algorithm  should  be  used  only  for  siiort-focus  objectives  at  large 
rotational  angles  ffi  of  the  ,AFA. 

A  functional  diagram  of  the  stabilization  assembly  of  the  outer  gimbal 
axis  is  presented  in  Figure  6.14.  In  this  figure,  LI  is  the  dial  of  the 
pulse  angle-data  sensor,  PI  is  the  platform  for  mounting  the  gyroscope, 
FI  is  the  first  reading  device  from  dial  LI  (FI  is  rigidly  connected  to 
the  platform  PI),  F2  is  the  second  readout  device,  rigidly  connected  to 
the  outer  gimbal  axis,  FDl  is  the  first  phase  discriminator,  FD2  is  the 
second  phase  discriminator,  U1 ,  U2,  and  U3  are  coriecting  amplifier- 
sections,  S(3i  is  the  pulse  counter,  and  GTl  is  the  gyroscope  mounted  on 
the  platfonn  PI. 

The  stabilization  device  operates  in  the  following  manner.  The  platform 
PI  is  stabilized  in  space  in  the  stabilization  mode  due  to  the  feedback 
circuit  U3-M5  of  angle-data  transmitter  GTl.  Since  the  signal  from  FI 
is  used  to  organize  feedback  with  respect  to  the  angular  position  of  id  , 
the  dial  will  rotate  at  constant  angular  velocity  in  apace  at  constant 
master  frequency  f ^ .  The  frequency  fed  from  F2,  f^2  will  be  equal  to 

{2.’x/A\)  (52.T  —  Qj„),  where  Nj  is  the  the  number  of  marks  of  LI ,  and  1]^  is 

the  speed  of  the  dial,  i.e.,  it  is  proportional  to  the  angular 
rotational  speed  of  the  base.  The  signal  from  F2  is  used  to  organize 
feedback  by  the  position  of  the  external  gimbal  axis.  To  do  this,  it  is 
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compared  to  frequency  f^  on  FD2  and  is  fed  through  adders  SI  and  S2  and 
section  U2  to  the  input  of  the  actuating  motor. 
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Figure  6.14.  Functional  Diagram  of  Outer  Gimbal 
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A  code  is  fed  to  the  input  of  the  adder  of  counter  SCh,  equal  to  the 

number  of  pulses  of  transmitter  LI,  by  which  the  gimbal  axis  must  be 

rotated,  for  reorientation  of  the  outer  axis.  The  signal  from  the  adder 

is  fed  through  the  nonlinear  element  N1  to  input  U2,  rotating  the  gimbal 

axis.  When  the  code  from  counter  SCh  and  the  given  code  are  compared, 

the  system  begins  to  stabilize  its  position.  The  presence  of  connection 

of  output  signals  FDl  and  FD2  permits  one  to  obtain  dynamic  accuracy  of 

the  system,  independent  of  rotational  stability  LI.  Moreover,  the  total 

master  frequency  f  eliminates  the  error  due  to  instability  of  f  .  The 
^  3 

constant  rotational  speed  of  LI  and  PI  in  space  minimizes  the  perturbing 

moments  acting  on  the  system,  which  permits  one  to  use  micromotors  as  M2 

and  M3,  besides  increasing  the  accuracy  (see  Figure  6 ♦13).  The 

functional  diagram  of  the  inner  gimbal  axis  stabilization  assembly  is 

shown  in  Figure  6.15.  In  this  figure,  LI  and  L2  are  dials  of  pulse 

angle-data  transmitters,  FDl,  FD2,  and  FD3  are  phase  discriminators,  Ml, 

M2,  and  M3  are  the  electric  motors  of  the  auxiliary  drives,  M4  is  the 

electric  motor  of  the  mirror  drive,  PI  is  the  platform  with  gyroscope 

GT2  mounted  on  it,  U1-U4  are  correcting  amplifiers,  FI  and  F3  are 

readers  connected  to  the  j)latform  PI ,  F2  is  a  reader  conn;ected  to  the 

outer  gimbal  axis,  and  F4  is  a  reader  connected  to  the  outer  gimbal 

axis. 
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Figure  6.15.  Fvanctional  Diagram  of  Inner 
Gimbal  Axis  Stabilization  System 
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The  mechanical  part  of  the  inner  axis  stabilization  assembly  differs 
from  the  outer  axis  stabilization  assembly  by  the  presence  of  an 
additional  dial  L2  and  an  electric  motor  M3  for  driving  it.  The  number 
of  pulses  to  rotate  dial  LI  is  related  to  the  number  of  pulses  L2  in  the 
following  manner:  N|/N-i  =  0.5,  \diere  Ni  is  the  number  of  marks  of  the 
dial  LI ,  and  N2  is  the  number  of  marks  of  dial  L2 . 

Let  us  denote  the  velocity  of  separate  assemblies  in  inertial  sj^ace: 
dial  LI  by  ,  dial  L2  by  the  platform  PI  by  ,  the  mirror  axis 

by  ,  and  the  base  by  . 


According  to  the  functional  diagram,  the  frequencies  of  readers  F2  and 


F4  are  found  in  the  ratio  ^$2  ‘  ^<1)4  ‘ 
find  (Q.,,  —  iio)fi2n)  -  N,  (>>,,,2  - 


f^^.  Multiplying  out  the  equality,  we 
t2,V(2n).  and  hence,  +  (t5S2o. 


The  following  equalities  also  follow  from  the  functional  diagram:  ^3 ^  - 
"^/(j)i;  la-2  "  where  f^j  and  corresponding  master 

frequencies,  vAiile  f^^  and  are  frequencies  FI  and  F3. 


Multiplying  out  the  equalities,  one  can  determine  the  angular  velocities 
of  the  dials: 
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Q„i  =  2nj^jNi  f  Qni:  =  2n/ 4  Q„i. 


We  then  find  for  the  velocity  of  the  mirror: 


a.  =  IX  (/,a  -  DIN,  -f  (),5Q„j  .  0,5Qp„. 


Since  the  velocity  of  the  platform  is  kept  equal  to  zero,  then 


^3  —  IX  (/ga  -  f^sD/N,  0,5Q,ij:. 


Thus,  the  image  is  stabilized  with  respect  to  axis  Oyk,  and  control  of 
the  velocity  of  the  mirror  in  inertial  space  is  also  possible.  To  do 
this,  one  must  fulfill  the  equality: 


0,5  {vjHD  cos  tti  1 1  -f  (iji/f)  tg  a,l  =  ox  -  f^D/N,. 


Tf  frequency  f^2  kept  constant, 


frequency  f^j  should  vary  by  the  law 


/ni  =  A<2  -  (Wiiy2n//„)cosai  [1  -f-  (//,//')  tgaiJ. 


Compensation  links  can  be  introduced  to  increase  the  dynamic 
accuracy  of  the  system. 

No  rigid  requirements  are  imposed  on  the  pnotodetector  stabilization 
assembly  and  the  outer  gimbal  axiS;  since  the  velocity  error  causes  the 
image  to  rotate  about  the  optical  axis,  while  the  requirements  on 
stabilization  by  this  axis  are  not  rigid.  The  position  error  may  cause 
rotatiori  of  the  field  of  blurring  factors  by  some  angle  with  respect  to 
the  shutter  due  to  the  linear  velocity  of  the  object, 

6.2.  Design  Principles  of  Automatic  Image  Stabilization  Systems  by 
Information  on  Misalignment  of  Image 

The  different  design  principles  of  image  stabilization  systems  were 
considered  in  Chapter  1,  It  was  shown  that  introduction  of  an  image 
misalignment  sensor  into  the  structure  permits  one  to  design  a 
stabilization  system  on  the  closed  principle,  which  considerably 
increases  the  accuracy  of  the  entire  system.  It  is  obvious  that  image 
stabilization  is  possible  upon  organization  of  image  shift  or 
photodetector  control  systems  in  two- three  coordinates.  The  sensors 
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considered  in  Chapter  4  yield  information  about  the  rate  of  image  shift 
along  two  mutually  perpendicular  axes.  The  field  of  the  rates  of  image 
shift  has  a  complex  configuration,  dependent  on  the  parameters  of 
displacement  of  the  object.  Thus,  the  characteristic  features  of  the 
transmitter  determine  the  methodical  errors  in  measurement  of  image 
shift. 


Figure  6.16.  Variants  of  Arranging  Mast  Gates  of 
Image  Misalignment  Sensor: 
a — arrangement  of  gates  parallel  to  axes  y,  z', 
b — arrangement,  of  gates  perpendicular  to  axes  y,  z 

Let  us  consider  the  different  variants  of  arrangement  on  the  platform 
frame,  by^  which  the  integral  estimate  of  the  image  shift  rates  is  made. 

A  modulating  array  in  the  form  of  a  spiral  is  considered  in  one  of  the 
papers.  (Footnote)  (U.S.  patent  3,511,510)  If  the  mask  gates  are 

arranged  as  shown  in  Figure  6.16,  a,  the  estimate  z  of  the  projection  of 

the  linear  velocity  z  is  made  by  the  photodetector  signal,  mounted  above 

the  notch  1  of  the  mask  ,  which  extends  along  axis  Oz,  while  that  of  yi 
is  made  by  the  photodetector  signal ,  moiinted  above  notch  2  of  tlie  mask 
along  axis  Oyi .  Performing  the  integration  within  the  given  limits  and 
at  h  ^  f ,  h  <  L,  f?  =  90“  ,  we  find: 


l/l  ^  0),fnL/2  f^^2n  ^'ynf 

Zj  ^  ■I'  fcOyjj '  !“■  //^o* 


(6.8) 


One  cam  write  in  similar  fashion  for  the  arrangement  of  mask  gates  1  auid 
2,  shown  in  Figure  6.16,  b: 
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iji  R^xn  "  2f  h  f^^zn  0 

•f  Vx„ 4-  (sin  '!>  -f  T"  '!')  ^  ^'ii«  lil  (sin  T  +  -j"  'f' )  ’ 

^  i  ~  ^®*n  ^  ^yn  ^  ~f“  ^'.rn  ("S/"  'i' - 2~  ^0  ^ 

+  t’2,1  (/  Sin  (p  -  4-  tp )  . 


We  find  at  i  /,;  f  /j;  f  /,,  /?;  ,p  cio"  ; 


t/j  «  /?(.);,„  -  f(o,„  +  ; 

Zi  »  —  Roixti+jj-Vza- 


By  analogy  with  the  previous  formulas  for  symmetrical  arrangement  of  the 
mask  notches  ivith  respect  to  axes  Ozi,  Oyi ,  one  can  write: 

&i  =  /?w»„  -I-  (o,„  (4-4-  -  0  ITo  ^ 

~  R^'^xii  1  ®!/n/  ( 1  3  jv ^ 


With  differential  photography  of  a  signal  from  two  notches  of  the  mask, 

arranged  diametrically  opposite,  we  find  for  estimate  yi  of  the  image 
speed  along  axis  Oyi 


.V,  =-4- ({/a  -F  f/ia)  =  W2n/(-|--^  —  1)  +^/'sincp. 


We  also  find  a  similar  expression  for  estimation  of  zj .  Thus, 
differential  photography  of  the  signal  permits  one  to  obtain  a  signal, 
equivalent  to  the  integral  estimation  of  misalignment  w’ith  respect  to 
the  field,  limited  by  the  dimensions  of  the  notch.  The  given  formulas 
permit  one  to  calculate  the  methodical  error  of  the  image  stabilization 
system,  in  which  image  misalignment  sensors  are  used. 
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Figure  6.17.  Layout  of  AFA  With  Tivo-Coordinate  Image 
Shift  Rate  Sensor 

KEV: 

1.  Electric  motor  3.  Measuring  motlule 

2 .  Control  module 

Let  us  consider  a  device  whose  layout  is  shown  in  Figuie  6.17  as  an 
example  of  designing  an  image  stabilization  system  according  to 
information  from  the  image  misalignment  sensor.  The  film  iiolder  (?an  be 
rotated  by  electric  motor  Ml  by  angle  a  abo\Ji  the  vertical  axis.  The 
signal  to  the  motor  Ml  is  formed  in  control  mcxiule  RUl  by  the  outp\jt 
signal  Vy  of  image  misalignment  jjer|)endicular  to  the  frame.  The  film 
winding  speed  is  dependent  on  the  signal  of  the  image  motion  speed  \'x 
along  the  frame.  This  signal  is  fed  through  control  module  BU2  to 
electric  motor  M2.  The  rates  of  image  misalignment  are  measured  in  a 
measuring  module  BI. 


Figure  6.18.  Coordinate  System  of  AFA 

The  coordinate  system  Oxyz,  bound  to  the  base,  and  the  coordinate  system 
Qx^yjjZjj,  bound  to  the  holder,  are  shown  in  Figure  6.18.  The  projections 

of  the  linear  and  angular  speeds  of  the  image  onto  the  axes  of  the  base 
are  denoted  by  Vx,  Vy,  v™  and  »'x>  ^y>  i  respecti\'ely.  Let  the  base  of 
the  device  not  complete  angular  vibrations  (i.e.,  =  0), 

while  the  principal  optical  axis  of  the  device  is  perpendicular  to  the 
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plane  of  objects,  i.e.,  ^’  =  90“  .  If  the  image  shift  is  estimated  by  the 
entire  image  field,  one  can  write  for  given  conditions:  z,- 

i/(  c‘p  ~ 

The  device  is  rotated  by  angle  (t  about  the  principle  optical  axis  until 

condition  =  0  is  fulfilled.  If  the  projections  of  the  linear 

velocity  of  the  base  onto  the  axes  of  the  base  are  equal  to  v  ,  v  , 

xO  yO 

'zO,  we  then  find  in  projections  onto  the  axes  of  the  device: 


z-'r/ii  =  COS  a  -  r.vo  sin  a: 
=  I'ko  cos  CT  4-  V,J„  Sill  O. 


Hence,  one  can  find  the  relation  for  the  angle  of  rotation  <t 


tg  a  =  VyJV:,.^. 


A  signal  proportional  to  the  following  value 


cp  ' 


Ho 


{v„,  COS  a  +  I’yn  sin  n)  = 


i 


//o  ^'os  a 


-it 


t\v 


>v0  < 


will  be  formed  at  the  second  output  of  the  image  misalignment  sensor* 

Thus,  the  direction  of  motion  of  the  film  in  the  holder  will  coincide 

with  the  direction  of  the  speed  v^ector  of  the  base  in  plane  Ox  y  .  If 

0‘  0 

signal  is  used  as  the  master  at  the  input  of  the  film  motion  speed 

control  circuit,  one  can  compensate  the  image  shift  caused  by 
displacement  of  the  base. 

One  can  write  from  equations  (1*21)  with  regard  to  Figure  6*18: 


yi  —  ZiiOxn 


^yuyjZj 

f 


=  —  yid^xn 


+  C0*„  (-^  -  /)  f 
-  p  f  i- 


Vxnyi  I  . 

Ho  Ho 

yvn^i  L  ^'znf  , 
Ho  Ho 
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We  find  for  projections  of  the  angular  speeds  onto  the  axes  of  the 
device : 


1-a; 


Wj/n  =  Wj/o  cos  a  -  (0:,.o  sifi  o; 


CO 


rii  —  ^'\xo  COS  O 


coyosiiia. 


Hence,  we  find  for  uncompensated  displacements: 


At/,-  =  Zi  (<o,„  1-  0) 


T~ 


Ho 


AZi  -  —iji  (cojo  4-  d) 


f 


/yn 


i 


Ho  • 


Specifically,  the  residual  misalignment  in  the  center  of  the  frame  is 
determined  by  the  expressions: 


Ai/i  = 


S) 


AZi  = 


2 

T  f 


The  indicated  components  of  misalignment  do  not  affect  the  output  signal 
of  the  image  misalignment  sensor  and  can  therefore  not  be  compensated. 

The  frequency  band  reproduced  by  a  closed  control  system  with  respect  to 
an  image  shift  is  determined  by  the  spectral  characteristics  of  the 
perturbations.  The  output  signal  of  the  sensor  is  in  turn  determined  by 
the  parameters  of  the  angular  and  linear  displacements  of  the  base  of 
the  device.  Let  the  maximum  frequency  of  these  displacements  be 

while  the  image  shift  on  this  frequenc.-s^  should  be  suppressed  b.-^^  -40  dB 
by  the  stabilization  system.  It  is  then  easy  to  find  that  frequency  of 
photographing  the  signal  from  the  sensor  is  determined  from  the 

inequality  co;,  >  25cobx'"‘.  with  standard  adjustment  of  the  control  circuit 

to  the  symmetrical  optimum  and  provided  that,  the  excess  of  the 
modulation  frequency  of  the  pulse  system  above  the  ciut-off  frequency  is 
not  less  thai:!  twofold.  This  condition  is  comparatively  easy  to  realize 
in  most  designs  of  sensors.  Thus,  a  frequency  sensor  with  mechanical 
modulator  in  the  form  of  a  disk  (with  spiral  bands  in  the  center  and 
with  radial  bands  on  the  edge  of  the  disk),  having  30  spiral  bands  and 
1,200  radial  bands,  is  used  in  the  above  image  stabilization  system. 


A 
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If  the  rotational  speed  of  the  disk  is  ft  =  120t  s"',  this  corresponds 

to  a  modulation  frequency  through  the  first  channel  of  f^^  =  1.8  kHz  in 

the  range  of  linearity  of  the  charcteristic  of  ±870  Hz,  and  that  through 
the  second  channel  of  =  72  kHz  at  range  of  linearity  of  ±2,000  Hz. 

The  presence  of  two  channels  permits  one  to  cover  a  wide  range  of 
frequencies  of  the  input  signals.  If  there  are  bright  parts  in  the 
image,  a  correlation  image  misalignment  sensor  cam  be  used.  Thus,  an 
image  stabilization  system  for  a  lunar  satellite  is  described  in  [88]. 

A  cam,  which  moves  the  film  holder  Vvith  accuracy  of  not  less  them 
10" ®  m,  was  used  as  the  actuating  mechanism.  An  image  with  misalignment 
of  not  more  than  2.5  /tm  at  focal  distance  of  the  objective  of  0.7  m  was 
obtained  with  mass  of  the  stabilization  system  of  4.53  kg  and  at 
consumed  power  of  8.5  W.  These  accuracies  can  be  obtained  only  in  a 
narrow  range  of  variation  of  angular  velocity,  determined  by  the  ratio 

6.3.  Automatic  Program  Image  Motion  Control  Systems 

Reorientation  systems  of  optical  elements  and  devices.  Program  image 
motion  control  systems  include  optical  element  or  device  reorientation 
systems  and  also  scanning  systems.  Any  preset  motions  of  optical 
elements  or  devices  should  be  taken  into  account  when  designing  image 
stabilization  systems,  since  they  can  lead  to  considerable  blurring  of 
the  image.  The  reorientation  system  is  an  optical  element  positioning 
system.  The  general  principles  of  design  calculation  of  position 
systems  are  outlined  in  [70].  The  information  channels  of  these  systems 
are  ordinarily  constructed  by  using  various  types  of  code  sensors.  A 
disadvantage  of  systems  with  code  sensors  is  level  quantization,  v%liich 
results  in  limitation  of  the  maximum  achievable  accuracy  at  the  level  of 
where  ^  is  the  discreteness  of  the  position  information.  Auto¬ 
oscillations  of  position  systems  may  occur  within  this  value.  Taking 
into  account  that  the  problems  of  positioning  of  optical  elements  are 
continuously  related  to  stabilization  problems,  the  presence  of 
auto-oscillations  of  position  systems  may  have  a  significant  influence 
on  the  errors  of  the  stabilization  systems.  It  tecomes  necessary  in 
this  regard  to  use  different  principles  of  arranging  the  control 
systems . 

Specifically,  systems  with  a  reversing  structure,  when  there  is 
transition  from  a  structure  that  realizes  the  positioning  mode  to  one 
that  realizes  the  stabilization  mode,  can  be  used.  Different 
information  channels  are  used.  However,  realization  of  these  systems  is 
related  to  considerable  complication  of  them.  Control  systems  whose 
information  channels  are  based  on  pulsed  photoelectric  sensors,  while 
the  structure  corresponds  to  that  of  a  combination  pulse-phase  system 
using  a  one-axis  gyi^o  stabilizer,  can  also  be  organized. 
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Taking  into  account  that  optical  devices  are  ordinarily  reoriented  in 
si>ace,  one  must  have  both  relative  displacement  sensors  (for  example, 
with  respect  to  the  base)  and  absolute  displacement  sensors  in  space. 

Let  us  consider  one-coordinate  reorientation  systems  (Figure  6.19,  a  and 
b) .  The  reorientation  layout  for  the  case  of  location  of  a  gyro  unit 
(GB)  on  a  base  is  presented  in  Figure  6.19,  a.  The  layout  operated 
similar  to  that  considered  earlier  in  the  "Stabilization"  mode  (see 
Figure  6.5).  The  difference  is  in  the  different  design  of  the  pulse 
sensor  ID2  of  the  angle  of  rotation  of  the  element  to  be  stabilized  SE. 

A  four-channel  photo  impulse  sensor  is  used  in  this  device  (Figure 
6.20).  The  signals  from  outputs  DU3  and  DU4  are  designed  to  measure  the 
current  position  of  the  information  systems  with  respect  to  the  dial, 
while  that  of  outputs  DUl  and  DU2  are  designed  to  determine  the  mutual 
initial  error  of  outputs  DU2  and  DU4  (channel  I)  and  outputs  DUl  and  DU3 
(channel  IT),  and  also  to  correct  the  current  information  about  the 
angular  error  once  every  revolution  of  the  dial .  An  angle  of  180  with 
respect  to  the  position  of  two  information  systems  is  taken  as  an  error 
equal  to  zero . 

The  position  error  signal  of  the  two  sensor  channels  PD2  is  taken  from 
the  output  of  the  position  error  sensor  lOP  (see  Figure  6.19,  a).  The 
error  code  is  fed  to  the  input  of  control  module  BUo,  while  the  output 
signal  of  this  module  is  used  to  control  the  electric  motor  M4  when  the 
type  of  operation  switch  is  set  to  the  position  "Correction."  The 
master  code  of  the  lOP  is  fed  from  the  output  of  adder  S.  Code  ”Z" 
(preset  to  rotation  of  the  element  to  be  stabilized)  and  the  code  of  the 
current  value  of  the  angle  of  deflection  of  the  base  from  the  horizon 
with  respect  to  the  stabilization  axis  of  the  element  to  be  stabilized 
are  fed  to  the  outputs  of  the  adder.  Information  about  the  angle  of 
deflection  is  fed  from  the  onboard  gyro  unit  VGB  through  the 
voltage-code  converter  (PNK) . 

The  reorientation  lay'oiit  of  the  SE  for  the  case  of  mounting  the  gyro 
unit  directly  on  the  element  to  be  stabilized  is  presented  in  Figure 
6.19,  b.  In  this  version  of  the  circuit  solution,  a  four-channel  pulse 
angle-data  transmitter  is  mounted  in  the  g;s'ro  unit,  tdiile  the  reference 

frequency  f  is  received  after  conversion  of  reference  code  "E"  in  the 
3 

code- frequency  converter  PKChl . 
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Figure  6.19.  functional  Diagrams  of  One-Coordinate 
Reorientation  Systems: 

a — with  arrangement  of  the  gyro  unit  on  base; 
b — ^with  arrangement  of  gyro  unit  on  element  to 
be  stabilized 
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Figure  6.20.  Pulse  Sensor  of  Angular 
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The  position  error  code  from  the  output  of  the  lOP  is  added  to  the 
reference  "E”  and  preset  "Z"  codes  and  is  converted  by  the  PKCh2  to  the 
frequency  of  the  signal  arriving  at  the  second  input  of  the  BU3.  Signal 

f  is  fed  to  the  first  input  of  the  BUZ.  The  spatial  position  of  the  SE 
3 

is  stabilized  in  the  "Stabilization"  mode  with  the  simultaneous 
capability  of  rotating  it  with  respect  to  the  platform  of  the  gyro 
stabilizer  in  the  gyro  unit  by  the  angle  determined  by  the  code  "Z." 

The  "Correction"  mode,  in  vdiich  the  positioning  system  of  the  element  to 
be  stabilized  operates  from  control  module  BU4  by  signals  of  the 
relative  angular  position  sensor  of  the  element  to  be  stabilized  and  the 
onboard  gyro  unit  VGB,  is  provided  for  periodic  setting  of  the  element 
to  be  stabilized  to  the  horizontal  position  and  to  compensate  the  effect 
of  the  drift  of  the  gyro  unit.  Let  us  consider  one  of  the  variants  of 
realizing  the  lOP. 

The  output  information  in  the  device  is  presented  in  binary  code  with 
determination  of  the  number  sign.  The  device  is  designed  to  use  a  dial 
with  marks  =  1,800,  which  permits  one  to  measure  the  angular  error  in 
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the  range  of  ±102**  at  the  adopted  digit  capacity  of  the  digital  data 
processing  assemblies*  The  maximum  value  of  the  measured  error  can  be 
brought  to  180**  (1  -  N^/2)  if  the  digit  capacity  is  increased.  The  use 

of  the  device  in  automatic  control  systems  permits  one  to  achieve  a 
positioning  accuracy  at  the  level  of  ±6'.  An  increase  of  accuracy  is 
related  to  an  increase  of  the  number  of  marks  on  the  dial. 
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Figure  6.21.  Information  Processing  Circuit  in 
Mirror  Position  Control  System 
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The  device  (Figure  6.21)  includes  a  circuit  for  initial  setting  and 
correction  of  the  code  and  sign  of  the  angular  error  Schl.  This  circuit 
generates  a  record  pulse,  by  which  the  initial  conditions  in  counters 
Sch2  and  Sch3  are  established.  Pulses  are  taken  from  angle-data 
transmitters  DUl  ^ind  DU2.  A  signal  of  the  sign  of  the  correction  code 
is  generated  as  a  f\jnction  of  the  relative  position  of  these  pulses. 

The  level  of  a  logic  1  is  taken  here  and  further  as  the  ’’plus''  sign. 

The  pulses  following  from  the  output  of  transmitter  DU4  at  frequency 
f  =  900  it//j  are  calculated  by  counter  Schl .  Counter  Schl  is  set  to  zero 
at  number  of  pulses  of  transmitter  DU4  N  =  511  and  receives 
authorization  to  operate  in  the  counting  mode  according  to  the  pulse 
front  from  DUl  or  due  to  a  decrease  of  the  pulse  from  DU2.  If  the 
number  of  pulses  of  transmitter  DU4  is  N  <  511  and  if  the  conditions  for 
the  pulses  of  transmitters  DUl  and  DU2  using  delay  lines  are  formed 
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under  the  same  conditions,  the  pulses  of  code  record,  correction  sign 
and  setting  the  information  to  zero  are  formed  in  Schl. 

Counters  Sch2  and  Sch3  determine  the  current  position  of  the  information 
systems  with  respect  to  the  dial.  Variation  of  the  codes  recorded  in 
counters  Sch2  and  Sch3  is  presented  on  the  working  diagrams  (Figure 
6.22).  It  is  assumed  that  the  dial  rotates  at  constant  speed  with 
resx)ect  to  the  first  information  system,  which  corresponds  to  a  linear 
increase  of  the  code  in  Sch2.  The  second  information  system  performs 
arbitrary  angular  displacements.  The  information  in  Sch3  is  set  to  zero 
and  the  correction  code  in  Sch2  is  recorded  to  eliminate  the  possibility 
of  overflow  of  the  counters  by  the  recording  pulse  (see  Figure  6.21). 

The  modulus  code  of  relative  angular  position  of  the  information  systems 
is  determined  by  addei’  SI .  The  direct  output  code  of  Sch2  and  the 
inverse  code  of  Sch3  are  used.  Adder  SI  performs  the  arithmetic 

operation  jAj  -  |B|  with  regard  to  the  ratio  of  codes  A  and  B. 

Determination  of  the  position  of  the  second  information  system  not  onij 
with  respect  to  the  zero  angle  (see  Figure  6.21),  but  also  with  respect 

to  an  arbitrary  angle  determined  by  code  D  and  by  the  preset  sign  is 

determined  to  include  an  automatic  control  system  in  the  device.  An  S2, 
which  performs  the  arithmetic  operation  D  -  S,  is  introduced  into  this 
device.  If  signs  D  and  S  are  identical,  the  calculation  is  made  similar 
to  the  calculations  in  adder  SI.  If  the  signs  of  D  and  S  are  different, 
S2  operates  like  an  ordinary  adder  with  the  exception  of  carry 
operations  and  inversion  of  codes. 

Scanning  systems.  One  of  the  methods  of  improving  the  image  quality  in 
optical  systems  is  to  use  optical-mechanical  scanning  of  the  image  by  a 
scanner.  Only  part  of  the  image  near  the  principal  optical  axis  of  the 
device,  where  the  aberrations  introduced  by  the  objective  are  minimal, 
is  used.  Moreover,  this  optical  system  permits  one  to  encompass  a  large 
field  of  objects  and  does  not  introduce  the  distortions  typical  for 
wideband  objectives. 

However,  introduction  of  scanners  into  the  optical  system  results  in  the 
need  to  compensate  for  tlie  res\jlting  displacement  of  the  image  ir)  the 
focal  plane  of  the  objective.  This  can  be  achieved  by  corresixinding 
displacement  of  the  photodetector  provided  there  is  accurate 
synchronization  of  the  motion  of  the  image  and  of  the  phottxietector . 

However,  introducing  a  scanner  into  the  optical  system  results  in  a  need 
to  compensate  the  resulting  displacement  of  the  image  in  the  focal  plane 
of  the  objective.  This  can  be  achieved  by  the  corresponding 
displacement  of  the  photodetector  provided  there  is  accurate 
synchronization  of  the  motion  of  the  image  and  photodetector. 
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Figure  6.22.  Graphs  of  Time  Processes  in  System 
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Mirrors,  prisms,  optical  wedges  and  so  can  be  used  as  the  scanning 

element,  which  j)ermits  one  to  change  the  direction  of  the  incident  ray 

in  space.  Let  us  consider  the  simplest  scanner,  shown  in  Figure  6.23, 

a.  A  flat  mirror  1,  rotating  in  front  of  an  objective  2,  scans  the 

plane  of  objects,  determined  by  the  scanning  angle  .  An  image  of  the 

o 

field  of  objects,  displaced  at  rate  v  ,  will  be  formed  in  the  focal 

M3 

plane  3  of  the  object  i^'e.  Hie  entire  device  is  mounted  on  a  moving 
base,  moving  at  speed  \-^  at  altitude  Ho  .  The  band  of  covei'age  in  the 

flight  direction  is  determined  by  the  width  d  of  the  film  4. 
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Figure  6.23.  Layout  of  Scanner: 
a — formation  of  image;  b — rotation  of  mirror  axes; 

1 — mirror;  2 — objectiv’e;  3 — focal  plane; 

4 — j^otographic  film 

Let  us  have  h  =  dHo/f  cos  where  f  is  the  actual  scanning  angle,  for 
the  coverage  bandwidth  on  the  plane  of  objects. 

Part  of  the  previous  plane  must  ordinarily  be  repeated  in  the  next 
frame,  which  is  characterized  by  an  overlap  factor  k  =  b/d,  where  b  is 
the  width  of  the  unrepeated  part  of  the  image. 

Let  us  have  /i„„„  =  k  dlinlf.  for  the  minimum  width  of  the  band  on  the  plane 

of  objects.  The  field  of  coverage  in  the  flight  direction,  determined 
by  the  motion  speed  of  the  base  hv  =  where  is  the  cycle  time, 

Tjj  =  k,idH„/(fH,y)  ,  is  misalgined  during  the  cycle. 

We  will  have  for  the  speed  of  the  mirror  (Z)  on  the  working  path 


,0  - 

P  ■  kikidH,,  ’ 


v4iere  ko  =  t  /T  is  the  coefficient  of  symmetry  of  the  cycle  and  t_  is 

P  II  P 

the  time  of  the  working  path. 


To  reduce  the  amplitude  of  the  image  shift  perpendicular  to  the  frame, 
the  rotational  socis  of  the  mirror  Z  is  rotated  by  angle  a  toward  the 
direction  of  flight  (Figure  6.23,  b) .  The  scanning  angle  ^  should  be 
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determined  by  the  formula  <(v  ^  <irclg  (Ig  qv/cos  a)  to  retain  the  field  of 

coverage  of  the  object  plane.  We  find  for  the  angular  velocity  of  the 
mirror 


_  2/i'„arc(g(tq(r,,/cosa) 
“P  - 


This  expression  determines  the  mean  value  of  the  angular  velocity  Z 
during  the  working  pass.  The  law  of  variation  of  speed  on  the  working 
segment  can  be  selected  arbitrarily.  The  motion  speed  of  the  image  in 
the  focal  plane  of  the  objective  can  be  found  from  the  expression 

=  2 (Op/  cos  a. 

The  rate  of  shift  of  the  image  perpendicular  to  the  frame,  caused  by 
motion  of  the  mirror,  will  be 


itoM  sin  a. 


The  simplest  problem  of  synchronizing  the  motions  of  the  image  and  of 
the  photodetector  can  be  solved  for  constant  speed  Z  on  the  working 
pass.  The  exposure  time  will  be  independent  of  the  angle  of  rotation  of 
the  mirror.  The  control  system  of  the  scanning  element  can  be  designed 
as  a  stabilization  system,  which  permits  one  to  achieve  the  highest 
accuracy  with  the  most  complete  suppression  of  perturbations.  The  law 
of  motion  Z  on  the  segment  of  the  reverse  pass  can  be  selected 
arbitrarily  with  regard  to  the  requirement  of  minimal  energy 
expenditures  at  given  cycle  time. 

The  main  task  to  be  solved  by  the  system  is  formulation  of  the  required 
law  of  variation  of  the  coordinates  of  motion  of  Z  and  to  provide  the 
necessary  accuracy  of  maintaining  the  coordinates  of  motion  during  the 
working  pass. 

The  mirror  is  equipped  with  a  motor  having  sensors  of  the  coordinates  of 
motion  to  be  checked  and  with  a  corresponding  control  system  to 
formulate  the  required  scanning  law. 

The  graph  of  the  scanning  law  of  the  mirror  can  be  divided  into  two 
qualitatively  different  segments.  The  first  is  the  segment  of  the 
working  pass  of  the  mirror  and  the  second  is  the  segment  of  the  reverse 
and  reverse  pass  of  the  mirror.  The  qualitative  difference  of  these 
segments  occurs  due  to  different  requirements  on  the  accuracy  of  the 
motion  of  the  mirror.  The  maximum  accuracy  of  stabilizing  the 
coordinates  of  motion  of  the  mirror  must  be  provided  on  the  first 
segment.  There  are  no  requirements  on  the  stabilization  accuracy  on  the 
second  segment,  and  if  there  are  no  constraints  of  any  kind,  the  control 
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system  should  provide  only  the  given  time  of  motion  of  the  mirror.  The 
principal  possibility  of  organizing  the  system  on  two  actuating  motors 
and  with  variable  structure  follows  from  this. 

Another  problem  in  development  of  scanners  is  compensation  of  the 
torques  acting  on  the  base  and  occurring  mainly  during  reverses  of  the 
mirror.  All  the  methods  of  compensating  the  reactive  moment  determine 
the  presence  of  an  inertial  element  (IE).  The  possible  methods  of 
compensation  are  based  on  development  of  a  moment,  equal  in  value,  but 
opposite  in  direction,  acting  on  the  base,  or  of  kinematic  uncoupling  of 
the  scanner  from  the  base  by  mounting  the  mirror  together  with  the 
actuating  motor  on  the  inertial  element.  Compensation  of  the  reactive 
moments  acting  on  the  base  may  result  in  difficulties  of  achieving  the 
required  accuracy  of  motion  of  the  mirror  during  the  working  [jass. 
Comparative  analysis  of  different  versions  of  designing  scanning  devices 
should  be  conducted  to  find  the  optimal  solutions  according  to  the 
criteria  of  accuracy'  and  of  the  minimal  moments  acting  on  the  base. 

There  is  also  the  problem  of  impro\’ing  the  mass  and  size  {parameters  of 
the  scanner  and  of  reducing  the  consumed  power.  This  problem  is  very 
timely,  for  example,  in  the  case  of  installing  the  device  on  an 
ai r /spacecraft .  One  of  the  methods  of  rexiucing  the  power  losses  in  the 
scanner  is  to  use  various  types  of  p>ower  recovery  units  (mechanical, 
electromechanical  and  so  on).  Selection  of  the  recovery  unit  obviously 
determines  the  design  of  the  entire  device  to  a  significant  degree. 

Let  us  consider  realization  of  several  scanners,  distinguished  by  the 
method  of  preset  motions  and  by  the  method  of  comipensating  the  torque 
reaction  acting  on  the  base  according  to  the  above  problems. 

Scanner  with  mechanical  recovery  unit.  A  mechanical  recovery  unit  is 
designed  to  reverse  the  mirror  by  exchanging  the  mechanical  energy 
between  the  mirror  and  the  inertial  element  through  a  flexible 
mechanical  coupling  introduced  between  them.  A  flywheel  (M)  can  be  used 
as  the  inertial  element.  This  recovery  unit  {permits  one  to  reduce 
considerably  the  power  consumed  b^'  the  scanner  (US),  since  the 
efficiency  of  the  flexible  coupling  is  usually  much  higher  than  that  of 
the  energy  converters  used  to  recover  electric  power  with  the 
electromechanical  method  of  reversal. 

The  following  mode  is  typical  for  the  operation  of  this  t^Tpe  of  scanner. 
The  flexible  coupling  between  the  mirror  and  fly-wheel,  which  are  rotated 
in  opposite  directions,  is  switched  on  after  the  completion  of  the 
w^orking  pass  of  the  mirror  and  {power  is  exchanged  between  them.  The 
sign  and  value  of  the  speed  of  the  mirror  arid  flywheel  are  changed.  The 
flexible  coupling  is  switched  off  at  the  moment  after  reversal  when  the 
speed  of  the  mirror  and  flywheel  reach  a  maximum  value.  The  mirror  and 
flywheel  then  move  se{parately.  The  flexible  coupling  is  again  switched 
on  at  a  signal  of  the  position  data-angle  transmitter,  which  provides 
information  that  the  mirror  has  {passed  a  given  angle  on  the  segment  of 
the  reverse  {pass,  and  the  mirror  and  flyivheel  are  again  reversed.  Tlie 
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mirror  is  set  at  the  initial  point  of  the  segment  of  the  wox'king  i^ass  at 
the  end  of  the  cycle. 

The  motion  of  the  mirror  and  flyrvheel  in  the  reverse  segment  are 
described  in  the  first  approximation  by  equations  of  dynamics  of  a 
two-mass  flexible  mechanical  system: 


A'P:.  I-  (fj  =  0;  I 

AiTm  -  COP:,  -  (|„)  =  0,  ( 

where  J  and  J  are  the  moments  of  inewrtia  of  the  mirror  and  flywheel , 
respectively,  c  is  the  stiffness  of  the  flexible  coupling,  and  and  f 

J  M 

are  the  angular  position  of  the  mirror  and  flywheel,  respectively. 

Let  us  be  given  the  initial  conditions  in  the  form:  Tm  ~  Twni 

at  t  =  0,  where  is  the  sj^eed  of  the  mirror  on  the 

segment  of  the  working  pass,  is  the  speed  of  the  flywheel  when  the 

mirror  is  moving  on  the  segment  of  the  working  pass,  f  is  the  scanning 
angle,  and  is  the  angle  of  displacement  of  the  flywheel  during  the 

working  pass  of  the  mirror. 

The  solution  of  equations  of  (6.9)  will  then  have  the  form: 


(Oy  (./m  +  J.)  ‘  + - TT-f  Jn  ^  +  'P" 

tfl  —  /  '*'"0  ^-iii  ,,1  !  I  +  '^m'PmO  /  1 


vrtiere  (o  y  c  is  the  frequenc3^  of  elastic  vibrations. 

We  find  for  the  speeds  of  the  mirror  and  flywheel,  respectively^ 


'i':,  =-  -/m  V  COS  OKi  +  ; 

'i'M  =-  -f^j^cos  (,>„/  1 

^  +  -^1 
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The  mirror  and  flyr-v^heel  will  reach  the  maximum  speed  ^  .  and  after 

3 1  Ml 


reversal  at  moment  of  time  tj  =  t/u;  .  The  values  of  tp  .  and  p  ^ 

Y  31  Mi 

determined  by  the  formulas: 


are 


Tri  - 
Tmi  = 


M^MO  1"  <P:io  a  w) 

f 

"f'  <Pmo  («^m  —  ^ 3) 

M  *l~  3 


(6.10) 


The  mirror  and  fly^vheel  will  move  at  these  speeds  after  the  flexible 
coupling  on  the  segment  of  the  reverse  pass  has  been  switched  off.  The 
operating  time  of  the  flexible  coupling  is  t|  =  7r/u/4.  The  angle 
traveled  by  the  mirror  and  flywheel  during  the  operating  time  t|  of  the 
flexible  coupling,  is  determined  by  the  equations: 


J,  +  Jm  0)  ^ 


r4^3o  m^Pmo  ^ 
*/  3  "|- 


'Pmo- 


The  angular  misalignment  between  the  mirror  and  flywheel  must  be 
determined  to  calculate  the  parameters  of  the  flexible  coupling.  This 
can  be  done  if  one  assumes  that  the  angular  ix)sitions  of  the  mirror  and 
flywheel  are  equal  to  zero  at  the  moment  the  flexible  coupling  is 
switched  on,  i.e.,  at  t  =  0.  The  equation  of  the  angular  misalignment 
between  the  mirror  and  flywheel  will  then  have  the  form 


T3 


_<p  -iaoJZiHSsill  (x)J 

^  (Ov  ^ 


The  maximum  angular  misalignment  at  ii/^t  =  t/2  will  obviously  be  equal  to 

(Tr  ^  (Tro  '  ^MD)/^*^y* 


The  derived  equations  fully  describe  the  motion  of  the  mirror  and 
flywheel  vihen  the  flexible  coupling  is  first  switched  on.  The  mirror 
and  flywheel  will  move  at  speeds  determined  by  expressions  (6.10)  after 
the  flexible  coupling  has  been  switched  off  at  moment  of  time  ti  = 


to  moment  of  time  t2  of  the  second  time  the  flexible  coupling  is 
switched  on.  The  equations  of  motion  on  this  segment  will  have  the 
form: 
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'fn  =  Tnl  [t  —  ^):  (Pm  =  <Pm1  “  ^’l): 

<Pn  =  <P..| :  i'Pm  =  'Pmi:  at  ii<i<  h- 


The  flexible  coupling  is  switched  on  for  the  second  time  at  moment  t2 
and  the  initial  system  of  equations  (6.12)  with  variable  initial 
conditions  will  be  valid  for  the  motion  of  the  element  to  be  stabilizeKi 
and  the  inertial  element: 

(p;.2  =  Tm  (  (P3i  (4  —  4):  (r«2  =  Tmi  f  Tmi  (4  --  4); 

(i'.12  “  (r:<l  I  fPM2  =  TmI  ^  —  4- 


Since  the  operating  time  of  the  flexible  coupling  is  independent  of  the 
initial  conditions,  it  will  be  equal  to  the  time  the  coupling  is  first 
switched  on  upon  switching  on  the  flexible  coupling  a  second  time,  i.e., 

t  =  Jr/tfy. 

The  moment  of  time  at  which  the  flexible  coupling  is  switched  off  after 

it  is  switched  on  a  second  time  is  determined  by  the  expression  ~  4  +  ?T/ci)y. 

The  total  reversal  time  of  the  mirror  Z  is  determined  as  the  sum  of  the 
operating  time  of  the  flexible  element  and  of  the  time  of  the  return 

pass  of  the  element  to  be  stabilized  2jt/o)y  +  (4  —  4)-  The  mirror 

and  flywheel  should  cover  angles  equal  to  srr  —  q;,.;  <Pmi,  —  —  (pMO- 

during  the  reversal  time.  This  condition  follows  from  the  cyclic  nature 
of  operation  of  the  scanner  (US).  The  following  equations  can  then  be 
written  for  the  law  of  motion  of  the  mirror  during  one  cycle: 


:  Sitl  (Oj  f  1-  f  , 

at  0<^</,: 

(fn  (P:u  {I  ~  4)  +  — 

“r  ♦/  M  COy  '  "  f ' 

at  U  •<(  a  4; 

.1  -f-  /  .  .  t  a  N 

•/.-I- At  Vn  f  — 

*^0  'f*  '/m  COy  ’  2  ^  /pcn> 


’  ^non)?  t 


pon;»  ^pen<^<7\^. 
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Accordingly,  we  find  the  following  for  the  motion  speed  of  the  mirror: 


■^M  ~\ 


COS  (Ov 


“1“ 


0</</,: 


Ta  —  ^Pali  clt  ti  t  < f2\ 

==  + 

I  +  *^m4'mo  -,4-  4  ^4  ^4 

'i - ./a  4-  t/M  ’ 

^Pa  ^  ^PaOi  at  ^ppf!  ^ 


where  =  jx/co^^;  ^2  =  ~  2Jt./(0y;  /po„  is  the  given  reversal  time  of  the 

mirror,  and  is  the  cycling  time. 

The  angular  position  of  the  mirror  at  moments  of  time  t|  and  t\>  is 
determined  by  the  expressions: 


Tal  = 


*ra2 


;W^30  ~t  1  m4'mo  ^ 

•^3  ~t  1m  Wy 

InTao  '  ["  1  mImo 
In  “1"  1  ^t 


Tc; 


Based  on  the  last  expression,  one  can  calculate  the  parameters  of  the 
scanner,  which  guarantees  that  the  flexible  coupling  will  be  switched  on 
at  the  end  of  the  working  pass  and  that  it  v^rill  be  switched  off  after 
reversal  of  the  mirror.  This  condition  will  be  fulfilled  when  the 
angular  position  of  the  mirror  at  the  time  the  flexible  coupling  is 
first  switched  off  coincides  with  the  angular  positions  of  the  mirror  at 
the  time  the  flexible  coupling  is  switched  on  the  second  time,  i.e., 
when  the  following  equalities  occur: 


^p3i  ^  ^l'32  or  H-r  = 


Ini'no 't  1  M^i-MO 

I3  ‘h  1 M  y  ' 


The  parameters  of  the  scanner  can  be  fully  calculated  on  the  basis  of 
the  derived  expressions. 

The  considered  scanner  is  purely  conservative.  No  control  system  on  the 
reversal  segment  is  required  for  it  to  operate.  Realistically,  any 
similar  system  has  losses;  therefore,  the  scanner  should  be  considered 
with  regard  to  the  losses  in  the  flexible  coupling. 
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The  equations  of  motion  of  the  mirror  and  fl.^^dieel  are  wxitten  in  the 
form: 


^3^3  -f  (<P8  -  4>m)  4'  c  ((Pn  -  <Pm)  =  0;  I 

^Mq'M  -  ^  (‘Pa  -  ^Pm)  —  C  (<P3  -  <Pm)  =  0>  I  (6.11) 


where  b  is  a  coefficient  that  determines  the  losses  in  the  flexible 
coupling. 

The  solution  of  the  system  has  the  following  form  for  previously 
established  initial  conditions: 


(p,  — 

•I  M  ~  *^3 


Trio  —  4  MO 

{■’»  +  h)  Wy 


4^mo  Tap 

(■'»  -I-  ''3)  “’y 


Sin  coy/  -f- 


sin  iOyi  -  f 


3  “  t  M 

4';)0’^ 3  ~f  mO 

•^3  “t  •/m 


^-hTc;  I 

! 

i  -f-  Tmo» 

) 


{6-12) 


where  (tf 


f 

y 


is  the  vibration  frequency  of  the  flexible  system,  equal  to 


■^3  . 

^3^1  ’ 


M4  + At) 

23  M 


One  can  find  the  equations  for  the  motion  speeds  of  the  mirror  and 
flywheel  from  expressions  (6.12)  after  differentiation: 


Hh 


^.30  ■ 


Tm  : 


At-f./ 
J 


•5^  cos  (Oy/  + 


3m  3^ 


^30  ai 


cos  0»y^ 


3:i  d"  M 

^V:)o3 «/M<i-M0 


A  A*/ 


M 


It  is  obvious  from  the  derived  expressions  that  the  speeds  of  the  mirror 
and  flywheel  will  differ  from  those  for  a  conservative  system  after  the 
flexible  coupling  has  been  switched  off.  The  speed  of  the  mirror  after 

the  second  reversal  will  be  less  by  Aj?  (’Ao  I  ^  —  exp  (—  a2jT/cDy  )  |.  on  the 

working  segment.  An  additional  torque  should  be  applied  to  bring  the 

mirror  to  the  given  speed  from  the  direction  of  the  actuating  motor 

of  the  motion  control  system  of  the  mirror  on  the  working  segment.  The 
accuracy  of  motion  of  the  mirror  on  the  initial  segment  of  the  working 
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pass  thus  deteriorates.  To  correct  this  negative  phenomenon,  the 
scanner  is  supplied  with  a  control  system  of  reversing  of  the  mirror. 

System  for  continuous  control  of  mirror  speed  on  reverse  pass  segment. 
This  system  permiits  one  to  monitor  and  control  the  motion  of  the  mirror 
according  to  the  required  law  of  motion.  The  moments  required  to 
formulate  this  law  of  variation  of  speed  are  developed  by  the  actuating 
motors  of  the  mirror  and  flywheel  and  also  by  the  flexible  coupling  of 
the  mechanical  recovery  unit. 

This  system  is  described  by  the  following  equations,  similar  to 
equations  (6.9): 


~h  b  ((P3  cpnj)  C  ((p3  ^^^1  (0  (^)’  1 

JMm  —  b{fP3  —  <Pm)  —  cOfs  —  <Pm)  =  ^2(0  +  (i)<  )  (6.13) 


where  Mi(t)  and  M2(t)  are  the  moments  of  the  actuating  motors  of  the 
mirror  and  inertial  element,  respectively,  and  and 

pertiirbing  moments  applied  to  the  mirror  and  flywheel,  respectively. 

Introducing  the  Laplace  transform,  this  system  of  equations  is  rewritten 
in  the  form: 


are 


bp  ('I'a  —  ‘('m)  I  c  (q'a  —  ITm)  =  All  {p)  "i*  Af  „i  (/>): 
4-  bp  ('Pm  —  Ts)  +  C  (Tm  —  *!'»)  ■=  ‘'l2  iP)  +  AIn2  (P)' 


After  simple  transformations,  one  can  find  the  transfer  functions  of  the 
coordinates  of  the  system: 


W^ii(/4 


W^2(P) 


(r3(/')  „ 

hiP-  +  bp  -)-  (• 

MiiP) 

1,'1‘^mP^  [P"  }  ^P  f~  ‘^m)/('/.T^m)  “I" 

+  4(4-1  J»)/Vah<)] 

'Pm  (P)  _ 

hP^-  -|-  bp  ]-c 

'  Miip) 

JaJ mP^  [P^  -|"  bp  (Ja  J h\)/UaJ m)  + 

+  4(4  +  4.)/(44,)] 

'I'm(P)  .. 

bp  -1  c 

M,  (p)  ■  [p'‘  +  bp  q-  + 

+  4.(4  -f- 4,)/(Vm)J 


IK'  /,,)  _  taip)  _ 

-  Aij  ip)  - 

_ bp  +  c 


Js-^mP^  (pM'  ^  (4  ■(■  J ra)P/('la^ m)  ^  [(^3  + 


It  is  obvious  from  the  given  expressions  that  the  effect  of  the  resonant 
link,  taken  into  eiccount  in  the  transfer  function  according  to  the 
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control  action  Wi(p),  must  be  compensated  to  close  the  feedback  with 
respect  to  speed  or  position  of  the  mirror. 

The  frequency  of  this  resonance  at  real  scanning  cycling  time  is  in  the 
low-frequency  region  with  respect  to  the  possible  cut-off  frequency  of 
the  closed  system.  It  is  easiest  to  compensate  resonance  by  introducing 
coupling  with  respect  to  the  torques  of  the  actuating  motors  of  the 
mirror  and  fljT^heel. 

Let  us  determine  the  coupling  coefficients  with  respect  to  torque.  Let 
M2(p)  =  kMi (p)  and  one  can  then  write  for  the  transfer  function  of  the 
position  of  the  mirror  according  to  the  control  moment: 


W,{p)^\Vu  ip)  ip)  = 

_ p’^  +  bpQ  -f-  kyj^  +  cji  +k)/Jx.i _ _ 

Ip’  +  bp  (./;j  -|  -UP/U-.Pm)  -'r  cL(■^^  + 


One  can  establish  from  the  derived  expression  that  resonance  is 
compensated  if  k  =  J^/J. •  The  transfer  function  on  the  control  action 

M  1^ 

at  selected  k  will  be  equal  to 


WJP) 


(P) 
/VI I  (P) 


The  torque  coupling  coefficient  is  independent  of  the  parameters  of  the 
flexible  coupling,  but  is  related  only  to  the  moments  of  inertia  of  the 
mirror  and  flywheel,  which  do  not  change  their  values.  Thus,  one  can 
recognize  stable  compensation  of  resonance  in  the  control  object  and  one 
can  close  the  system  at  the  cut-off  frequency,  lying  in  a  large 
frequency  range,  which  is  unlimited  by  the  resonance  frequency  of  the 
flexible  coupling.  The  control  system  reswitches  the  structure, 
according  to  the  position  of  the  mirror. 

Scanners  with  reducer  coupling  between  motor  and  scanning  element. 
Realizing  the  law  of  scanning  at  short  cycling  time  requires  development 
of  the  drive  of  the  mirror  with  large  torque.  This  torque  is  developed 
by  the  drive  mainly  during  reversal,  i.e.,  the  moment  is  pulsed  in 
nature.  On  the  other  hand,  the  motion  speeds  of  the  mirror  are 
comparatively  low;  therefore,  either  torque  motors  or  stepdown  reducer 
gears  between  the  serial  high-speed  motor  and  mirror  must  be  used  to 
organize  a  drive  with  acceptable  efficiency. 

Some  advantages  both  from  the  viewpoint  of  the  mass  and  size 
characteristics  of  the  entire  device  and  from  the  viewpoint  of 
compensating  the  torque  reactions  on  the  base  can  be  found  in  the  second 
case. 
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Let  us  consider  the  kinematic  layout  of  a  scanner  using  the  reducer 
shoT^jn  in  Figure  6.24. 


Figure  6.24.  Scanner  With  Reducer  Di’ive 

The  device  consists  of  a  scanning  mirror  Z,  motor  Ml  and  friction 
reducer  that  connects  these  elements. 

Let  the  motor  develop  torque  M  .  Dut  to  the  effect  of  this  moment,  the 

AO 

motor  rotor  picks  up  speed  at  acceleration  ej ,  whereas  the  mirror  Z  will 
pick  up  speed  at  aicceleration: 


(6.14) 


idiere  i  is  the  gear  ratio  of  the  reducer. 

One  can  write  =•  (7,  -f  (*./,),  where  Ji  and  J2  are  the  moments  of 

inertia  of  the  mass,  related  to  the  motor  rotor  and  to  the  rotational 
axis  of  the  mirror,  respectively,  cam  be  written  for  the  torque  of  the 
motor.  One  can  WTite  the  following  with  respect  to  expression  (6.14) 
for  the  torque  of  the  motor 


+  <'•/■:)/<•  (6.15) 

One  can  determine  from  formula  (6.15)  the  extreme  values  of  the  torque 
of  the  motor  with  respect  to  parameter  i ,  which  occur  at  gear  ratio 


A'l™'"  =  2^2 


(6.16) 
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The  necessary  torque  of  the  motor  must  be  selected  on  the  basis  of 
expression  (6.16)  according  to  the  known  moment  of  inertia  and  required 
acceleration  of  the  mirror. 

If  the  reducerless  version  is  compared  to  the  considered  version,  the 
torques  of  the  motors  will  be  related  to  each  other  in  the  following 
manner: 


JlJ I 
f  2  U I  -f-  Jz) 


2 


f 


where  Mj^n6  +  J2)  required  torque  of  the  motor  in  the 

reducerless  version. 

One  can  assume  that  Jj  <  Jo  for  the  considered  case,  therefore,  a 
considerable  advantage  in  the  torque  of  the  drive  motor  of  the  mirror 
can  be  achieved  when  using  the  reducer  version. 

Compensation  of  reaction  torques  acting  on  base  upon  image 
stabilization.  The  presence  of  cyclicity  or  other  forms  of  motion  of 
the  optical  elements  (OE)  results  in  the  need  to  develop  angular 
accelerations,  which  are  realized  by  using  the  corresponding  drive 
moments  of  the  optical  elements.  According  to  Newton’s  third  law,  a 
moment  equal  in  value  and  opposite  in  sign  to  that  applied  to  the 
optical  element  will  be  applied  to  the  base  from  the  direction  of  the 
drive.  The  moment  applied  to  the  base  is  called  the  reactive  moment. 

Let  us  determine  the  reacti\"e  moment  acting  on  the  base  at  known 
parameters  of  motion  of  the  optical  element. 

Let  the  control  system  guarantee  variation  of  the  angular  velocity  of 

the  optical  element  according  to  known  law  u*  ^(t);  the  following  moment 

0.3 

should  then  be  applied  to  the  optical  element  from  the  direction  of  the 
actuating  motor 


(0  .  *^0,  3 


r>  (0 


(it 


(6.17) 


where  J  is  the  moment  of  inertia  of  the  optical  element  about  the 
0*3 

rotational  axis  and  M  (t)  is  the  moment  of  resistance  occurring  between 

C 

the  optical  element  and  the  base  (the  effect  of  the  other  perturbing 
elements  is  disregarded). 

The  moments  of  the  motor  and  the  moment  of  resistance  will  then  act  on 
the  base. 
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Hence,  we  have  for  the  reactive  moment  on  the  base 


yV/p==-/M„„  (/).-!- Me  (/). 


With  regard  to  expression  (6.17),  we  find 


I  ^^0-  ■> 

dt  • 


(6.18) 


The  base  is  displaced  due  to  the  action  of  this  moment  by  the  law 
determined  by  the  equation 


J 


0 


^^0.  —  M 
(It 


(6.19) 


Having  substituted  expression  (6.19)  into  equation  (6.18),  we  find 


^^0  _ ^_0.  D  j, 

dt  ~  y„  dt  '  (6.20) 


The  angular  rotational  speed  of  the  base  can  be  found  by  integration  of 
expression  (6.20) 


«n(0  =  — 

^  o 

The  derived  expression  can  be  used  to  formulate  the  criterion  of  the 
extent  of  compensation  in  the  fom 


/I  <  F  lo)„(/),  /„(01,  (6.21) 

where  F  is  the  estimate  of  the  function,  A  is  the  permissible  parameter 
of  displacement  of  the  object,  aind  f  (t)  is  a  function  of  the  action  of 

JiL 

the  compensating  device. 

It  was  established  above  that  one  of  the  requirements  placed  on  scanners 
is  the  need  to  compensate  the  moments  acting  on  the  base.  In  the 
reducerless  version,  besides  the  moment  applied  to  the  base  and  caused 
by  operation  of  the  mirror  drive,  there  is  an  additional  moment  due  to 
the  characteristics  of  the  kinematic  layout  of  the  device. 


255 


Let  us  consider  Figure  6.24  to  determine  this  moment.  A  force 
determined  by  the  expression  F  =  J2f2/R2>  where  R2  is  the  radius  of  the 
reducer  gear  connected  to  the  mirror,  should  be  applied  to  the  mirror  so 
that  it  speeds  up  at  angular  acceleration  €*2$  in  (  •  )A.  By  considering 
the  moments  about  the  rotational  axes  of  the  motor  and  mirror,  it  is 
easy  to  ascertain  that  forces  equal  to  force  F  will  be  applied  to  these 
axes.  The  directions  of  the  effect  of  these  forces  are  such  that  they 
result  in  the  occurrence  of  a  moment  acting  on  the  base  in  a  direction 
opposite  to  the  effect  of  the  moment  of  the  motor.  The  value  of  this 
moment  is  determ, ined  in  the  form  =  F(Ri+  R2 ) 1  where  Ri  is  the  radius 

of  the  reducer  gear,  connected  to  the  motor. 

Multiplying  out  F,  we  find  =  J2e2(i  +  D*  'fhe  total  moment  acting  on 
the  base  can  be  found  from  the  expression 

.-Up  =  /VI„„  -  /U„  =  (4-  +  ^-^0  ^  (t—  -^0  • 

(6.22) 


It  follows  from  expression  (6.22)  that  the  reactive  moments  acting  on 
the  base  can  be  compensated  for  the  reducerless  version  of  a  drive 
without  any  additional  measures  whatever.  The  gear  ratio  of  the 
reducer,  to  guarantee  condition  M  =  0,  should  be  equal  to 


i  — -  JilJ 2' 


(6.23) 


The  moment  which  the  motor  should  develop  is  determined  after 
substituting  the  value  of  the  gear  ratio  Vvith  respect  to  formula  (6.23) 

into  expression  (6.15)  M  =  (1  +  /)  ^  ^2*^2  at  i  <  1 . 

A" 


Figure  6.25.  Scanner  With  Compensation  of 
Reactive  Moment  on  Base 
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The  use  of  a  reducer  coupling  with  the  scanning  element  is  one  of  the 
directions  in  developnent  of  various  types  of  layouts  for  compensating 
the  moments  acting  on  the  base.  For  example,  the  layout  of  a  scainner, 
in  vAiich  the  mirror  is  connected  to  the  motor  directly,  vdiile  the  mirror 
is  mechanically  connecsted  to  the  flywheel  through  a  reducer  to 
compensate  for  the  moments  acting  on  the  base,  is  presented  in  a  patent. 
(Footnote)  (British  patent  1,520,845)  It  is  obvious  that  all  the  above 
formulais  are  valid  for  this  case,  but  the  motor  should  be  selected  with 
resj)ect  to  torque  according  to  acceleration  et  and  its  moment  of  inertia 
Jl .  The  necessary  moment  of  the  motor  in  this  device  is  determined  from 
the  formula 


Mis  == 


(^  +  77  ) 


If  one  takes  into  account  that  the  moment  of  Inertia  of  the  fi.^^^beel  is 
selected  from  the  relation  J2  4!  J|  to  reduce  the  overall  dimensions  and 
mass  of  the  device,  then  the  motor  should  develop  a  significant  torque. 
It  is  one  of  the  deficiencies  of  the  considered  device.  Another 
disadvantage  is  the  circumstance  that  the  moments  of  resistance  acting 
on  the  flyvvheel  shaft  result  in  motion  with  considerable  amplification 
due  to  the  large  gear  I'atio  of  the  reducer.  This  inevitably  causes  a 
reduction  of  the  motion  accuracy  of  the  scanning  element. 

The  electric  drive  motor  of  the  mirroi'  is  designed  in  some  practical 
cases  for  minimum  developed  moment  with  resj^ect  to  formula  (6.16),  while 
the  mcHnent  acting  on  the  base  is  compensated  by  developing  the  design 
shown  in  Figure  6.25.  The  reaction  moment  is  conij^ensated  by  introducing 
an  additional  inertial  element  IE,  having  a  drive  from  an  electric  motor 
M2  and  rotating  in  a  direction  opposite  to  the  direction  of  rotation  of 
the  mirror.  The  required  moment  acting  on  the  base  is  required  for  the 
compensating  device  at  minimum  overall  dimensions  and  minimum  moment  of 
the  motor.  This  requirement  is  equivalent  to  the  pi'oblem  of  determining 
the  maximum  reaction  moment  at  given  parameters  of  the  device.  To  solve 
this  problem,  let  us  wTite  the  expression  for  the  acceleration  of  the 
flywheel,  which  follows  from  formula  (6.15) 


(6.24) 


After  substituting  expression  (6.24)  into  equation  (6.22),  we  find: 


I  —  •! 2)  ('b  *^2) 

yVI  p  .1  {  J li  ’  "F  2** 


(6.25) 
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Let  us  find  the  maximum  moment  acting  on  the  base  with  respect  to  the 
gear  ratio  of  the  reducer.  To  do  thist  let  us  calculate  the  partial 
derivative 


rLMj, 

()i 


(JU'  ./ j/j,) 

' 


(6.26) 


From  the  condition  of  the  extreme  value  of  function  (6.26)  follows 


J r,f “  2J [J 2^  —  »/ 1  -/o  —  0. 


(6.27) 


The  roots  of  equation  (6.27)  are  equal  to 


~-\±l^\  J.JJ,  ’ 


(6.28) 


Study  of  the  second  derivative  shows  that  the  values  of  the  gear  ratio 
of  the  reducer,  determined  by  expression  (6.28),  yield  the  maximum 
values  of  the  reactive  moment  on  the  base. 

It  makes  sense  to  consider  only  one  value  of  the  root 


_ ^1 _ 

—  1  -|-  )/"  1  -j-  7  2/7 1 


since  ij  >0. 

Ordinarily,  Js/Ji  ^  1;  therefore,  we  find  for  the  gear  ratio  of  the 
reducer 


(6.29) 


The  maximum  moment  applied  to  the  base  is  determined  at  the  calculated 
gear  ratio  of  the  reducer  from  expressions  (6.25)  and  (6.29) 


/Mp==0,5/VI„„(l  -  /Jjjy). 
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One  can  determine  from  this  expression  the  required  moment  of  the 
inertia  of  the  flywheel  for  the  selected  motor 


Realization  of  this  scanner  is  the  result  of  solving  the  following 
contradictory  requirements:  provision  of  minimal  mass,  overall 
dimensions  and  power  consumption.  One  or  another  version  is  achieved  as 
a  function  of  the  combination  of  these  requirements  in  quantitative 
expression. 


Figure  6.26.  Scanner  With  Gyro  Compensator  of 
Reactive  Moment  on  Base: 

1 — mirror;  2 — rotational  axis;  3 — control  module; 

4 — outer  gimbal;  5 — inner  gimbal;  6 — gyroscope; 

7 — position  sensors 

The  mirror  Z  can  be  uncoupled  kinematically  from  the  base  by  introducing 
a  free  gyroscope  in  the  scanner. 

A  block  diagram  of  the  scanner  with  gyro  compensator  is  shown  in  Figure 
6.26.  The  actuating  motor  of  the  motion  control  system  of  the  mirror  1 
is  connected  to  it  in  one  or  another  manner  and  is  mounted  on  the  inner 
gimbal  4  of  the  g^o'oscope  6.  The  actuating  moment  develops  a  torque 
upon  reversal  of  the  mirror  that  decelerates  the  mirror  and  then 
accelerates  it  in  the  opposite  direction.  The  same  moment,  but  opposite 
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in  sign,  will  be  applied  to  the  outer  gimbal  of  the  gyroscope  and  will 
cause  precession  of  it  about  the  axis  of  the  inner  gimbal  5,  The  action 
of  the  r'eactive  moment  will  be  compensated  by  the  resulting  gyroscopic 
moment,  while  no  moment  will  he  applied  to  the  base.  The  rotor  of  the 
actuating  motor  is  rigidly  connected  to  the  scanner,  while  the  stator  is 
located  on  the  inner  gimbal  of  the  free  gyroscope.  The  mirror  moves 
during  the  \>?orking  pass  by  inertia,  while  the  actuating  motor  is 
switched  on  through  the  control  module  3  and  reverses  the  mirror  at  the 
end  of  the  working  segment  by  signals  of  the  position  sensors  7. 

The  corresponding  control  circuit  and  position  sensor  (or  speed  sensor) 
of  the  mirror  can  be  used  to  create  active  control  during  the  working 
pass. 

The  method  of  control  on  the  working  segment  of  the  cycle  is  selected  by 
the  above  principle. 

The  use  of  a  free  g>T"oscope  instead  of  various  types  of  flywheel  as  the 
inertial  element  permits  one  to  improve  considerably  the  mass  and  size 
characteristics  of  the  scanner. 

Let  us  consider  the  method  of  designing  a  scanner  with  gyro  compensator. 
Let  us  assume  that  the  kinematic  connection  between  the  outer  gimbal  of 
the  gyroscope  and  the  mirror  Z  is  formed  only  for  the  brief  reversal 
time,  while  the  actuating  motor  (or  the  device  that  replaces  it) 
provides  reversal  according  to  the  law  of  elastic  collision.  The 
following  moment  will  be  applied  to  both  the  mirror  and  gyroscope 


(6.30) 


where  k^  is  the  coefficient  of  the  equivalent  stiffness  of  the  drive, 
which  reversal  provides,  and  is  the  angle  of  rotation  of  the  mirror 
from  the  point  of  beginning  of  application  of  the  moment 


It  should  be  noted  that  a  spring  mechanism,  attached  to  the  gimbal  of 
the  gyroscox^e,  or  two  magnets  with  oppositely  mounted  poles,  one  of 
which  is  attached  to  the  gimbal  of  the  gyroscope  and  the  other  of  which 
is  attached  to  the  mirror  Z,  can  be  used  as  the  reverse  drive  of  the 
mirror. 


On  the  other  hand, 
accelerated  motion 


the  moment  M, 


of  the  mirror 


applied  to  the  mirror  causes 
determined  by  the  expression 
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A/jj  — 1/3^0, 


(6.31) 


where  J  is  the  moment  of  inertia  of  the  mirror. 

3 

Solving  the  system  of  combined  equations  (6.30)  and  (6.31),  let  us 
determine  the  law  of  variation  of  as  a  function  of  time  t 


A/jj  ^c(i 


(6.32) 


where  ^ 

and  ==  /  k~Jj~ 


/  J  cA’ii 


is  the  amplitude  of  the  moment  to  be  applied 


is  the  frequency  of  free  vibrations  of  the  system. 


Since  moment  is  applied  through  the  motor  stator  to  the  outer  gimbal 

of  the  gyroscope,  this  causes  precession  of  the  gyroscope  rotor  about 
the  axis  of  the  inner  gimbal,  determined  by  a  system  of  equations  with 
slight  deviations  of  0  from  0o 


./„B  4  Jpyi|-cos0o  =  0;  I 
y„.|-  -  7,120  cos  03  =  yWp  (/), )  ‘  ® 

where  J  and  J  are  the  moments  of  inertia  of  the  inner  and  outer 
B  H 

gimbals  of  the  gyroscope  about  their  rotational  axes,  Jp  is  the  moment 

of  inertia  of  the  gyroscope  rotor,  ft  is  the  angular  velocity  of  the 
gyroscope  rotor,  0  is  the  angle  of  rotation  of  the  gyroscope  about  the 
axis  of  the  inner  gimbal,  f  is  the  angle  of  rotation  of  the  gyi'oscope 
about  the  axis  of  the  outer  gimbal,  and  0o  is  the  initial  angle  of 
rotation  of  the  g:vToscope  about  the  axis  of  the  inner  gimbal . 

Solution  of  the  system  of  these  equations  has  the  form: 


0  (1)  ^  03  - 


'14()  --= 


_ 63  _ cosg,!}' 

qc(ipSJ-C0s2  00-  •^i,|<7c) 

_ - - - sin  qct. 

(i^U'’cos2e3-7„i„<?-)<7c 


The  inequality  (7pl2  cos  Bq)^  ^  is  fulfilled  at  0o  C  ’i’/2; 

therefore,  simpler  expressions  can  be  written  for  angles  0(t)  and  f(t): 
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0(0: 


n  — 

"o  'flc^pficoseo 


A'^n 


q^J^Q'^  cos^Sq 


(1  —  COS<7(..  0: 
-s'mqci- 


It  follows  from  these  equations  that  the  amplitude  of  the  rotational 
angle  of  the  gyroscope  is  much  less  with  respect  to  angle  p  than  with 
respect  to  angle  0. 

Since  moment  M_{t)  acts  only  in  the  interval  0  <  t  <  7r/q^,  we  find  after 

A  -  -  ‘C 

reversal  of  the  mirror  ( at  t  >  i/q^ ) : 


0*  00  -  2 


'hnA  • 


1|'*  =  0. 


Let  0^  =  -^0  f  and  then  cos  0o  ^  1  and  the  required  moment  of  momentum  of 
the  gyroscope  can  then  be  found  in  the  form 


eo  • 

We  find  for  the  ratio  of  the  moments  of  inertia  of  the  gyroscope  rotor 
and  mirror: 


iiL 

4  Q0O* 


Thus,  the  required  moment  of  inertia  of  the  gyroscope  rotor  is  found  to 
be  several  orders  less  than  the  moment  of  inertia  of  the  mirror  Z,  which 
leads  to  a  reduction  of  the  mass  and  size  of  the  entire  device  and  is 
one  of  the  main  advantages  of  this  type  of  device. 

6.4.  Shock  Absorbers  in  Image  Stabilization  Systems 

Both  force  and  kinematic  perturbations  act  on  the  optical  device  (OP) 
during  its  operation.  (Footnote)  (The  section  was  written  jointly  with 
V.  F.  Putkov)  The  force  perturbations  include  the  moments  and  forces 
occurring  upon  relative  displacements  of  the  assemblies  of  the  optical 
device.  The  kinematic  perturbations  appear  upon  angular  or  linear 
accelerations  of  the  base  with  respect  to  the  optical  device.  The 
simultaneous  action  of  these  factors  is  a  significant  feature  of  the 
optical  device  as  an  object  to  be  cushioned.  It  is  known  on  the  basis 
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of  [10,  38]  that  angular  misalignments  of  the  optical  device  affect 
observation  quality  to  the  greatest  degree.  The  mean  square  deviation 
of  the  angular  position  of  the  optical  device  at  given  spectral 
densities  of  the  force  and  kinematic  perturbing  actions  can  be  used  as 
the  criterion  of  optimality  when  working  out  the  design  of  the 
suspension  of  the  optical  device  on  shock  absorbers. 


Figure  6.27.  Layout  of  Cushioning  System  of 
Optical  Device 

A  layout  of  the  suspension  of  an  optical  device  to  a  base  on  four  shock 
absorbers,  which  have  finite  stiffness  coefficients  c^,  c^^,  c^,  and  Cp 

with  respect  to  axes  x,  y,  z,  is  presented  in  Figure  6.27. 

The  perturbing  force  actions  are  simulated  by  the  forces  and  force 
moments,  applied  to  the  center  of  gravity  of  the  optical  device  and 
directed  along  axes  x,  y,  z,  with  respect  to  these  axes.  All  the 
different  perturbing  force  actions  can  be  transformed  to  this  case  by 
known  relations.  The  perturbing  kinematic  actions  are  simulated  by  the 
vectors  of  displacements  of  the  points  of  attachment  of  the  shock 
absorbers  to  the  carrier,  directed  along  the  unit  vectors  of  coordinate 
system  ,  y' ,  z' . 

The  vector  of  the  generalized  coordinates  is  formed  from  the  rotational 
angles  »,  //,  7  with  respect  to  coordinate  system  x,  y,  z,  pyassing 
through  the  center  of  gravity  of  the  optical  device,  and  linear 
misalignments  of  the  center  of  gravity  with  respect  to  the  axes  of  this 
coordinate  system.  The  linear  misalignment  of  the  points  of  attachment 
of  the  optical  device  to  the  shock  absorbers  are  then  related  to  the 


vector  of  the  generalized  coordinates  by  the  coupling  equations  of  the 
coordinates : 


Xa  —  -V  -  a„y, 

Xa  =  X  -1-  c/„v: 

=  .V  -  c„y, 
Xf  =  X  h  f,^y; 


!/»  =  «/  +  «.vY: 
//./  =--  y  —  f/.vV: 

Ur  y  -  (’.vV: 

tJi^y-h  /.vV: 


=  2  -  a„a  -  a_^\V. 
2,,  =  2  -  (/„a  t- 
2.,  =  2  I  (’„a  | 

2/  =  2  fya  -  /.,(3, 


(6.34) 


where  c/y,  /j/  the  coordinates  of  the  points  of 

attachment  of  the  optical  device  to  the  shock  absorbers. 

The  mathematical  description  of  the  optical  device  on  a  flexible 
suspension  is  easier  to  compile  in  the  multidimensional  case  by  using  a 
I^agrange  equation  of  second  kind  with  regard  to  losses  in  the  shock 
absorbers 


( \ 

d(  i 

[  dq.  ) 

^  dq. 


(6.35) 


where  T  and  II  are  the  kinetic  and  potential  energy  of  the  system,  $  is  a 
dissipative  Rayleigh  function,  N(i)  are  external  forces,  and  q  is  a 
generalized  coordinate. 

One  can  generally  write: 


k 


t=i 


// = 4  2  = T  2  ~ 

/-I 


/-I 


where  fii  is  the  generalized  coefficient  of  inertia,  cj  is  the  stiffness 
coefficient  of  the  j-th  flexible  link  that  connects  the  generalized 
coordinates  qi  and  q'i,  and  bj  is  a  coefficient  of  the  dissipative 
forces  of  the  j-th  flexible  link. 

The  expressions  for  the  kinetic  and  potential  energy  of  the  system  and 
for  the  dissipative  function  have  the  form  in  the  case  under 
consideration: 
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A 


T  =  j  mx^  j  mf  -i-  j  mz^  j  J J +y^Y': 
=  Y^.v  [(-^a  . X'af  4-  {Xd  -  X',t)-  -  |  (x,  -  x',}^  -f  (X/  ~  .vj)’]  + 

+  [(i/n  -  y’a?  -I-  iUd  -  y'd)-  I-  {ih  -  y'e)-  f  {yf  -  y/)']  -i 

4-  Y  [(2»  -  ?«)'■’  4-  (2'rf  -  ?,'/)’  -f-  -  ^'eY  4  (2/  ^  ?/)"]; 

““  ^  .  •^<')^  ■!  (Xe  —  XfY  4- 

4-  (xf  —  -t/)-]  4-  -Y  by  [(i/fl  --  tjaY  +  (f/rf  -  ydY  4- 

+  (ye  —  IJcY  4-  {y!  —  y]Y\  4^  \  [{za  -  z'af  4  (irf  -  z'dY  i 

-^{Ze-zlY  ■i-i^f-z'lY]}, 


[6.36) 


where  m  is  the  mass  of  the  optical  device,  Jx.  Jy  J?,  are  the  polar 
moments  of  inertia  of  the  optical  device  witli  respect  to  the 
corresponding  axes,  Cx,  Cy,  and  Cz  are  the  stiffness  coefficients  of  the 
shock  absorbers  with  respect  to  axes  x,  y,  and  z,  bx,  by,  and  bz  are  the 
viscosity  coefficients  of  the  shock  absorbers  along  axes  x,  y,  z,  x'l, 
y'i,  z'i,  i  =  a,  d,  e,  f  are  linear  displacements  of  the  points  of 
attachment  of  the  shock  absorbers  to  the  base,  which  are  kinematic 
perturbing  actions  for  the  optical  device. 

Solution  of  equation  (6.35)  with  respect  to  expressions  (6.36)  for  T,  11 
and  #  with  regard  to  (6.34)  results  in  a  system  of  equations  of  dynamics 
of  the  optical  device  on  a  flexible  suspension,  which  in  operator  matrix 
form  has  the  form: 


Aip)x(p)  =  B(p)i(p}, 


(6.37) 


vhere 


4(/7)= 


4ii(p)  0  Aisip) 

0  A23  ip) 

Aax  ip)  A32  ip)  433  ip) 

0  0  0 


Anip)  A^yip)  A^gip) 
454  ip)  A33  ip)  Aitf  ip) 
A^ip)  A,3ip)  4„e(/7) 
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moreover : 


An(p)  =  mp2  j-4/?^/?  j-  4^:,, 

^13  ip)  “  -^31  ip)  ^  “I"  fy  ^y)  i^xP  I"  ^x)* 

^22(/^)  =  ^»P^  |-4bj/P  -1- 4Cj^, 

A  23  (p)  =  >432  (p)  “  I  f x)  i^^yP  i '  ^f/)’ 

/1 3:3  fp)  =  /zP^  1"  \Px  {^y  i  “1  1“  /i/)  i  1  I”  /^)l  ^ 

-I  c,  {al  -f  4  -I -  4  -I  /D  -1'  («'  -I-  1-  /^)» 

>144  (/;)== /np2  f  4ftjp  -[-  4Cz, 


-^45  (/^)  —  ^434  (/^)  —  {^y~\~^^y  ^y  fy){^zP  I  ^2)1 

^446  (p)  -<^^84  ip)  ~  (^x  “1“  fx  dx  ^.x)  {l^zP  “1“ 

Ay,  (p)  =  J.y  1  b,  (4  -f  4  h  el  -f  fl)  P  f  C,  (4  -I-  4  j  4  h  fl)> 

Aid  (p)  ~  Add  ip)  ~  {dx  dy  -[-  fxf y  eixeiy  exPy)  (pzP  i”  Cz), 

A(i5  ip)  =  JyP^  -I-  b'^  -i  -  bz  (4  !-  dl  h  4  I  fi)  P  I-  Cz  (4  -h 
1-4  +  4  i-4); 


*  ip)  ~  \xyyza^\^  is  the  vector  of  the  generalized  coordinates; 


B(P)  = 


"10  0  0 
0  10  0 
0  0  10 
0  0  0  1 
0  0  0  0 
0  0  0  0 


Bxdip)  0 

Biiip)  0 

Bz3  ip)  0 


0  O-Bn(p)  0 

0  0-  0  Bz2  ip) 

0  0  •  B31  ip)  Bd2  ip) 

0  0-0  0 

10-0  0 
0  1-0  0 

0  0  ■ 

0  0 

0  0 


0  B,,(p)  B,dip)  B,d(p) 

0  B54  ip)  Bdd  ip)  Bdd  ip) 

0  Bm  ip)  fif,6  ip)  Bdd  ip)  _ 
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and: 


Bn  ip)  =  ih^p  4  4c,,  B,3  (P)  =  fisi  (P)  -- 

(^^r/  "1“  ^ij  ^t/  f ~i'  ^.v)t 

B22  ip)  =  ^byP  I-  4c,„  B23  (P)  =  Bsi  ip)  («,x  -h  /x  -  4  -  ^r) 

X  f-  Cy), 

Ba.)  (P)  =  {a;  +  dv  I  e,v  +  ll)  4  («'  -<■  ‘i-  4  -1-  fl)]  P  -!• 

4  ^x  4  d«  +  -f  fl)  4  ^1/  4  dl  4-  c,  4  /x). 

B44(P)-=4/7j/;  |-4c4 

B45  (A’)  =  B54  (P)  ~  {^y  -}  fy  Oy  dy)  "I  C;), 

B46 ip)--  ^64  (p)  (d.v  4  <^x  —  «.v  —  fx)  (i>iP  4  Cj). 

Bs5  (P)  =  (^w  “I'  dv  4  4  /j()  4 

Bbb  (p)  =  Bjs  (p)  =  4  e^^Cy  -  d,  d„  —  /,/ „)  (&zP  4  c^). 

Bee  (p)  =  (^x  “h  d.,  -j  cj:  (-  /i)  {I^P  V  ^z)* 

f  (p)  —  \FxFyMyFz^’^^aMfix'y'y  z  a  f!>  1’’’  vector  of  the  {perturbing 

effects. 

Matrices  A(p)  and  B(p)  have  latticed  shape  and  the  mathematical  model  of 
the  suspension  of  the  optical  device  can  be  broken  down.  In  this  case, 
equation  (6.37)  is  written  in  the  form: 


Ai  (p)  Xi  (p)  =  B I  (p)  f  1  (p); 

At  (p)  X2  (p)  =  Ba  (p)  f-a  (p)i 

where 

-/ll,(p)  0  ^13  {^)' 

Ai(p)=  0  /laaCp)  Aisip)  ; 

.^3i(/^)  Asiip)  Aaaip)  _ 

-  Aiiip)  Aif,(p)  Aig(p)- 

^2 (p)  ==  ■^61  (p)  Agr,{p)  Agg(p)  ; 

_  ■^64  (p)  '^OS  (p)  Agg  (p) 

I  0  O-fiu(p)  0  B,e(p) 

Bi  (/’)  ~  0  1  0  •  0  Baa  (p)  ^isip)  ! 

0  0  1  •  BgY{p)  Bgiip)  Bgg(p) 

-  1  0  0  •  B44  (p)  B45  (p)  B43  (p)  ■ 

Ba(p)=  0  1  0-Bgiip)  Bgg(p)  Bggip)  ; 

0  0  1  ‘  Bgi{p)  Bgg{p)  Bgg(p)  _ 
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Xi  (p)  [xyy\^:  ip)  -=  [zap]^ ; 

fi  ip)  =  {FxPyMxX'y'y\'’'\ 
^a(P)  =  IFj/VIa/VIpz'a'P'l?'. 


Analysis  of  the  non-diagonal  elements  of  matrices  Ai  (p)  and  A:>(p)  shows 
that  the  independence  of  the  free  motions  of  the  generalized  coordinates 
of  the  system  can  be  guaranteed  if  the  specific  relations  between  the 
point  coordinates  of  the  suspension  of  the  optical  device  on  shock 
absorbers  is  fulfilled.  The  total  invariance  of  the  free  motions  is 
reached  if  the  following  conditions  are  fulfilled: 


"\~  1 ^X  ^ 

ay  +  dy  -  ey  —  jy  =  0; 

”f~  ^x^y  dy  ~~  / xf y  ” 


(6.38) 


fulfillment  of  which  is  similar  to  the  requirement  that  the  center  of 
gravity  coincide  v^ith  the  center  of  the  suspension  of  the  optical  device 
[38]. 

The  independence  of  the  forced  motions  of  the  optical  device  along 
different  generalized  coordinates  provided  that  equalities  (6.38)  are 
fulfilled  is  guaranteed  only  if  there  is  no  mutual  correlation  between 
the  elements  of  the  vector  of  the  perturbing  effects.  The  absence  of 
cross-correlation  is  jx^ssible,  if  all  the  force  perturbations  are 
concentrated  in  the  center  of  gravity  of  the  optical  device,  which  is 
ordinarily  not  fulfilled  in  practice. 

If  the  mathematical  model  of  the  suspension  may  not  be  broken  down,  its 
dynamic  properties  are  completely  described  by  n  x  m  transfer  matrix 
W{p)  =  A‘‘Mp)B(p)  of  dimension  n  x  m,  where  n  is  the  number  of 
generalized  coordinates  and  m  is  the  number  of  perturbing  effects.  The 
analyd.ical  solution  does  not  yield  a  clear  result,  since  it  is  related 
to  finding  the  reciprocal  matrix  A‘Mp)* 

Let  us  assume  for  analysis  of  the  dynamic  characteristics  of  the 
flexible  suspension  of  the  optical  device  that  the  conditions  of 
decomj30sition  of  the  mathematical  model  are  fulfilled,  matrix  A(p)  has 
diagonal  shape,  and  the  equations  of  d^^namics  then  acquire  the  form: 
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(/;//r  -I  ib^p  -f  4c,.)  -v  (/;)  ■-=  f.,  (p)  (4/;,/;  4-  4c,)  .v'  (/;); 

{inp^  I  ib„p  f-  4c„)  y  ip)  ^  F,,  (p)  I  (4'),,/;  f-  4c„) ;/'  (/>): 

\J .p'  f  [^’.v  (4  -I-  4 -)  4  !-  /.^)  !  4 (4-h4  1  4 4  /i)]  ;>4 

4-  (d'y  1-  4/  4-  fy)  !  ^y  i^Fx  h  ‘(v  1-  +  fx)  I  Y  (/’)  = 

-  /V4  (p)  F  I  [^4  (4  i-  4  4  +  fl)  I- 

-I  by  {4  I  4x  -I-  4  S  fl)]  P  f-v  (‘'.V  i-  4  -f  4  +  fy)^  V  (/’): 

{mp^  h  4&2P  I  4Cj)  2  ip)  =  fz  (/;)  h  i-ib^p  -f  4c,)  z'  ip); 

[Jx4  -\  b,  (4  1-4  I -4  4/y)  p  4 

- 1  Cj  (4  ■)  4  -1-  4  H-  /«)] « ip^  = 

=  /Ma  (p)  +  14  («,v  +  4  +  4  4  4)  -f  -t-  4  /.«)]  4’): 

[JyP^  -I  4  («.v  4  4  I  -  4  I-  4)  P  4  («.?  4  4  4  el  4  fl)]  P  ip)  ^ 

—  /VI p  ip)  4’  (4  {eix  4  dx  4  ^x  4'  /,t)  P  h 

4  c^  (4  I- 4  44  4 /.v)'J  p' (/4- 


These  equations  have  identical  form  {[i,//-  4  h^p  4  c,)  ip  ip)  —  ft  ip)  4  ibip  4  c,)  q)  ip). 

where  pi,  bi ,  and  ci  are  the  generalized  coefficients  of  inertia, 
viscosity  and  stiffness,  respectively,  qi(p)  is  the  i-th  generalized 
coordinate,  and  fi(p)  and  q'iip)  are  the  generalized  force  and  kinematic 
perturbing  effects,  respectively,  on  the  i-th  generalized  coordinate. 

The  transfer  functions  for  the  force  and  kinematic  effect  can  then  be 
written  in  the  form: 


who)  -  -  -4  — _ ! _ 

/,(p)  f,  ry  \-nTyr+  1 

<7f  (P)  2lTyp-\-  1 


r?  ip) 


q’i  iP) 


rlp^  4  2i.T^p  4  1 


(6.39) 


where  /’J ^  -  />,./(2c, 7V)  is  the  damping  coefficient. 

The  spectral  density  of  the  i-th  generalized  coordinate  is  determined  by 
the  following  formula  if  there  is  no  correlation  between  the  force  and 
kinematic  perturbing  effects 


Si  ((0)  =  I  Wl  (/co)  |  -  5/  (CO)  -f,  I  (/co)  S’o  (co), 
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Vvhere  Sf(u/)  and  S'q(u/)  are  the  s]pectral  density  of  the  force  and 
kinetimatic  perturbing  effects,  respectively,  on  the  i-th  generalized 

coordinate  suid  |W'i(/o))|,  |  (/w)  |  are  the  moduli  of  the  amplitude 

frequency  characteristics  for  the  force  and  kinematic  perturbing 
effects. 

The  optimal  value  of  the  damping  coefficient  ^  can  be  determined  for 
known  Sf(iir)  and  S''q(4f)  by  the  values  of  the  mean  square  of  the 

oo 

generalized  coordinate  q]  =  j  S,-  (w)  d(o 

— TO 

The  optimal  value  of  the  damping  coefficient  can  be  determined 
analytically  in  the  case  of  a  kinematic  perturbing  effect,  presented  in 
the  form  of  white  noise.  The  mean  square  of  the  generalized  coordinate 
is  determined  from  the  equation 


CO 


[7-;^  (/a))2  +  2gry/a)  +  1]2 


N  dw 


1 

4|7’y 


N. 


To  find  the  minimum  value  of  the  last  expression,  let  us  set  the  first 
derivative  equal  to  zero  with  respect  to  the  damping  coefficient 


J _ L_  =  0. 

Ty 

Hence,  we  find  =  0.5.  In  this  case,  q^j  =  NTy* 

A  value  of  ^  =  0.2  is  recommended  in  [38]  for  the  case  of  a  determinant 
kinematic  perturbing  effect  at  frequency  if  =  T’^^.  Thus,  one  can 

conclude  that  the  spectra  of  perturbing  effects  actually  existing  in  the 
systems  must  be  talcen  into  account  when  developing  flexible  suspiensions 
of  optical  devices. 

Filtration  of  the  force  and  kinematic  perturbations,  as  follows  from 
equation  (6.39),  is  improved  if  the  time  constant  of  the  elastic 
vibrations  Ty ,  the  value  of  which  is  bounded  above  by  the  requirement  of 

guaranteeing  the  required  static  stiffness  of  the  shock  absorbers,  is 
increased  [9].  The  filtering  properties  of  the  flexible  suspension  can 
be  improved  in  the  low-frequency  region  to  4f  =  T'>y  if  active  vibration- 

protection  syst^ns  are  used.  It  is  assumed  that  the  bandwidth  of  these 
systems  exceed  at  least  the  lowest  reinge  of  flexible  vibrations  of  the 
suspension  of  the  optical  device  on  shock  absorbers.  The  active 
vibration-protection  system  filters  the  perturbing  effects  in  its  own 
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bandwidth,  while  the  high-frequency  components  of  perturbations  are 
filtered  mainly  by  the  flexible  suspension  of  the  optical  device. 


Several  perturbing  force  effects  Ri ,  i  =  1,  n,  which  have  arbitrary 
directions  and  different  points  of  application,  are  ordinarily  active 
during  operation  on  the  optical  device.  The  forced  motions  of  the 
optical  device  are  correlated  even  if  the  mathematical  model  breaks 
down,  i.e.,  if  conditions  (6.38)  are  fulfilled.  This  can  also  be  said 
about  the  forced  motions  of  the  suspension  exposed  to  kinematic 
perturbations.  Misalignment  of  the  image,  which  is  a  criterion  of  the 
quality  of  the  flexible  suspension  of  an  optical  device,  is  determined 
by  the  formula 


8(p)  =  LVJl{p)  Kr-f-LW^(/;)q, 


(6.40) 


where  l  =-  [la  (a.  P.  v)  («-  P.  V)  («-  P-  Y)1  transformation  matrix  of 

the  angular  misalignments  of  the  optical  device  with  respect  to  its 
center  of  gravity  (TsT)  to  misalignment  of  the  image,  the  elements  of 
which  are  dependent  on  a  specific  version  of  the  optical  device,  WMp) 
is  the  matrix  of  transfer  functions  by  the  perturbing  force  effects  in 
the  case  of  no  breakdown  of  the  mathematical  model ,  equal  to 


yji{p)  = 

'  wL  ip)  w4p  (p)  0  0  0  wL  (P) 

Wia  (P)  (P)  0  0  ® 

0  0  W'yyip)  W’yAp)  'yy  iP)  0 


K  is  the  reduction  matrix  of  the  perturbing  force  actions  toward  the 
center  of  gravity  of  the  optical  device,  determined  in  the  form 


^al 

kyl 

^X\ 

k^y 

K  = 

^ai 

^xi 

kyi 

kzi 

_ 

kyjx 

^xn 

kyn 

^zn 
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and  kai  •  i/oi  cos  fl*  -  Zgi  cos  kf^  --  z^i  cos  fp ,  ,Vgf  cos  0,-;  —  x„j  cos  t|);  —  y^i  cos  cp; 

f^xi  ~  cos  (p,;  r-  cosij)(.  k..  =  cos  iJ'j,  .Voi,  «/ui-  2'oi  are  the  coordinates  of 
application  of  the  Rj  ,  cos  p’i  ,  cos  ,  and  cos  i?i  are  the  direction 
cosines  of  Ri ,  r  =  l/?i/?2  ...  /?„  the  vector  of  the  perturbing  force 

effects,  W<l(p)  is  a  amtrix  of  the  transfer  functions  for  the  perturbing 
kinematic  effects  in  the  absence  of  decomposition  of  the  mathematical 
model,  equal  to 


wnp)  = 

"  wr  ip)  ip)  0  0  0  \Kz  ip) 

=  ^la(p)  li^pp(P)  0  0  0  wlzip)  ; 

0  0  Wly(y)  nAp)  KAp)  0 

andq  ~  let'  (p)  P'  (p)  y'  (p)  x'  (p)  tf  {p)  z*  (p)Vis  the  vector  of  the  perturbing 
kinematic  effects. 

The  spectral  density  of  image  misalignment  is  determined  from  the 
expressions 


S,  (CO)  [LWf  (/CO)  KJ^  Sy  (CO)  +  [LW<?  (/co)]^  5,  (o)), 

where  Sf{d')S<j{aO  are  the  vectors  of  the  spectral  densities  of  the  force 
and  perturbing  kinematic  effects  and  w/  (/(o),  'Wq  (/(o)  the  matrices  of 

the  frequency  transfer  functions. 

Hence,  the  mean  square  of  image  misalignment  is  determined  by  the 
relation 


00 


The  problem  of  optimal  synthesis  of  the  parameters  of  a  flexible 
suspension  is  formulated  in  the  following  manner: 


min{6^(h), 
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where  h  is  the  vector  of  the  variable  parameters  whose  elements  are  the 
coordinates  of  the  reduction  points  and  the  coefficients  of  stiffness 
and  viscosity  of  the  shock  absorbers. 

Constraints  in  the  form  of  inequalities  /»,•  i„i„  max.  where  hinm 

are  the  lower  and  upper  bounds  of  variation  of  the  i-th  parameter. 

The  given  method  of  parametric  design  is  oriented  toward  the  use  of  the 
computer  and  is  based  on  the  iterative  search  procedure 

corresponding  to  the  minimum  7^ .  The  main  difficulties  in  performing 
this  design  are  the  large  exjpenditures  of  machine  time  in  calculation  of 

7’  at  each  step  of  the  iteration. 

The  design  procedure  is  simplified  considerably  if  the  conditions  of 
decomposition  of  the  mathematical  model  of  the  flexible  suspension  of 
the  optical  device  are  fulfilled.  The  values  contained  in  matrix 
equation  (6.40)  assume  the  form: 


w{  ip) 


K  = 


W?  (P)  =3 


wL  ip) 

0 

0 

0 

Vi'  fip  (p) 

0 

0 

0 

/^„i  . . . 

kai  •  •  • 

kfii  . . . 

kfii  •  •  • 

: 

_  .  .  . 

k^i  .  .  . 

h 

J 

'  Wla  ip) 

0 

0 

0 

wU  iP) 

0 

0 

0 

Wlyip)} 

qi  [a'p'vT. 


The  constraints  in  the  form  of  equalities  (6,38)  must  be  taken  into 
account  during  parametric  design*  Since  the  numerators  of  the  elements 
of  transfer  matrices  W^i(p)  and  WQi(p)  are  second  order,  one  can  avoid 
the  need  for  numerical  integration  of  the  spectral  densities  during 
determination  of  at  each  step  of  the  iteration  and  one  can  use  the 
tabulated  integrals  [10]  of  form 


_  1  C  G  (/(o)  rfco 

”“‘‘211  ]  A  ijco)  A  (—  /co)  ' 
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where  A(jdf)  and  G(ji')  are  polj'nomials  of  juf  of  n-th  and  (2n  -  2)-th 
power.  It  should  be  noted  that  this  approach  requires  additional  time 
expenditures  when  preparing  the  problem  of  parametric  design  for 
solution  of  the  computer. 
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